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ABSTRACT 
The aluminium alloy 2014A-T6 is used as an aerospace alloy due to its strength and 
rigidity. The disadvantage of this alloy is that it is susceptible to galvanic corrosion, 
this occurs due to the fact that the main alloying element, copper, forms discreet 
precipitates principally of CuAl,, which are noble to the main aluminium matrix. One 
of the main ways in protecting the alloy from corrosion is by the application of a 
passive chromate conversion coating. Due to legislation, chromates are being 
outlawed, so replacements are being öought .1 Investigations into sodium 
orthovanadate as an alternative conversion coa ing, showed that it provided a degree 
of protection against chloride ion attack from both salt spray testing and immersion in 
3.5% sodium chloride. Tests were carried out to see if coating of the copper 
intermetallic could reduce the amount of galvanic attack the 2014A-T6 Al alloy was 
subjected to. Investigations were carried out in to the inhibition the copper surface by 
the use of sulphur-based compounds. The results showed that inhibition did not occur. 
However, further investigations into organic acids such as sebacic acid showed that 
when added to the sodium orthovanadate solution they promoted greater corrosion 
protection by reacting with the alkaline sodium orthovanadate solution to form 
sodium sebacate. The sodium sebacate was able to block cracks on the coating surface 
thereby inhibiting ingress of chloride ions to the surface of the 2014A-T6 Al alloy. 
This was proved by the use of scanning electron microscopy, which showed the 
presence of fine needle like features of precipitated sodium sebacate. X-ray 
photoelectron spectroscopy results showed that there was a high possibility that 
sodium sebacate was present on the surface due to the presence of both carbon and 
sodium which were not present when the alloy was treated from a solution containing 
just sodium orthovanadate. A variety of coatings were analysed using D. C. 
electrochemical polarisation, it was found that the sodium orthovanadate treatment, 
containing the sebacic acid, gave a considerable increase in the corrosion resistance in 
3.5% NaCl compared to all other coatings except chromate. However, the sodium 
orthovanadate coating containing sebacic acid showed a reasonably close corrosion 
ABSTRACT 
resistance to the Alochrom 1200 chromate coating when subjected to salt spray 
corrosion tests. 
Simulated samples of 2014A-T6 Al alloy were produced by coupling laboratory 
produced CuAl2 and commercially produced aluminium. The results obtained using 
D. C. electrochemical polarisation gave similar trends to that obtained by a 
commercial sample of 2014A-T6 Al alloy showing that the sodium 
orthovanadate/sebacic acid coating solution was highly effective. This was backed up 
by the use of zero resistance ammetery which showed that the sodium 
orthovanadate/sebacic acid at 60 seconds at 60°C showed broadly comparable results 
with chromates up until 190 hours, when the coated couples were immersed in 3.5% 
NaCl at 25°C. 
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INTRODUCTION 
1 INTRODUCTION 
The aluminium alloy 2014A-T6 is widely used in the aerospace industry as a strong 
fabrication and structural metal. However, the main disadvantage with the 2014A-T6 
Al alloy is that the main alloying element is copper which forms precipitates of CuAI, 
during alloy production. These CuAl, precipitates set up galvanic corrosion with the 
aluminium matrix causing damage and structural defects. Current ways of protecting 
the alloy from corrosion is by coating with a chromate conversion coating. This is 
extremely effective against corrosion from a variety of environments, especially 
marine envirorunents this is mainly due to the excellent chromate film repassivation 
mechanism provided by the Cr6 contained within the chromate coating. At the present 
time in Europe and similarly around the world, legislation is being brought in to 
outlaw chromate conversion coatings on both environmental and health and safety 
grounds. The reason for this is that the chromating solutions and coatings produced 
from them, contain the chromium (VI) ion. This has been identified as a suspected 
carcinogen and therefore both manufacturers of aerospace components and industry in 
general, are seeking to find an alternative to the chromate conversion coatings which 
are environmentally friendly and have low-toxicity. One such set of chemicals which 
are proving interesting and have the right criteria and are non toxic, are based on the 
transition metals namely molybdenum, vanadium and tungsten which form active 
oxo-species due to their varying oxidation states. 
The aim of the research has been to identify and assess whether one such compound, 
sodium orthovanadate is effective as a conversion coating promoter for 2014A-T6 Al 
alloy in order to prevent corrosion from marine environments. A further aim has been 
to investigate other chemicals, which could be added to the solution to aid the sodium 
orthovanadate in improving the corrosion resistance of the conversion coating 
deposited on the surface of the 2014A-T6 Al alloy. Once the coatings were produced 
on the 2014A-T6 Al alloy, a variety of techniques were used to assess the viability 
and corrosion resistance of the conversion coatings produced. The techniques 
included D. C. Electrochemical polarisation for the comparison of Ec0R and FF values 
of the various coatings in order to assess how resistant to a corrosive environment the 
INTRODUCTION 
coating was. Surface analysis techniques such as scanning electron microscopy and X- 
ray energy dispersive analysis, were used to examine the surface composition and 
structure. These were used in order to assess the species incorporated into the coating 
and to possibly enable a mechanism for the corrosion protection of the surface of the 
2014A-T6 Al alloy to be proposed. Due to the fact that the intermetallic, CuAI,, plays 
a major role in the corrosion of 2014A-T6 Al alloy, samples of CuAI, were produced 
to study their metallurgy and to investigate as to whether the various coating produced 
interacted with the surface of the intermetallic. Other experiments into the interaction 
between the aluminium matrix and CuAI, with and without, various conversion 
coatings during corrosion in 3.5% sodium chloride solution using both zero resistance 
ammetery and D. C. Electrochemical polarisation were carried out. 
Neutral salt spray corrosion testing, using large panels of 2014A-T6 Al alloy were 
carried out to assess whether the various coatings would stand up to real life exposure 
to corrosive environments. 
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2 LITERATURE REVIEW 
2.1 Aluminium and its alloys 
2.1.1 Production of aluminium(') 
Aluminium is a naturally occurring metal existing in ores found in nature. The most 
common ore is bauxite, which is a hydrated form of alumina containing 40 - 60% of 
the hydrated A1203. Production of aluminium from bauxite usually occurs via two 
processes. Firstly the A1,03 is extracted from the ore by the Bayer process, which is 
where the bauxite is crushed and mixed with a strong caustic soda solution at 240°C. 
The resulting solution is then filtered to remove the impurities and the resulting liquor 
is then seeded using alumina trihydrate, to reverse the chemical reaction reforming the 
trihydrate and caustic soda at which point the caustic soda is recycled. 
Al (OH)3 + NaOH ( NaAIO2 + 2H, O (2.1) 
The alumina trihydrate is then heated to 1200°C which removes water of 
crystallisation leaving a fine white powder of alumina. 
The next stage involves dissolving the alumina in a molten cryolite (Na2AIF6), in a 
ratio of 80% to 90% cryolite, to 8- 9% alumina. The resulting mixture is then 
electrolysed at 1000°C, the pure aluminium is then tapped or siphoned off. During the 
process the A1203 reacts with the carbon anode to produce the aluminium, which 
means the anode has to be replaced once consumed. 
2A1,03+ 3C > 4A1 + 3CO2 (2.2) 
The process has a high-energy consumption using between 13,000 to 14,000 KWh of 
electricity for each tonne of aluminium produced from the alumina. 
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2.1.2 Uses of aluminium(2X3) 
Today aluminium sheet, rod and their alloys are used in a wide variety of applications. 
These include foil for cooking, cans for food and drinks, structural supports for 
window frames and when alloyed with other metals, the uses increase dramatically. 
The largest is in the aerospace industry where the alloys have a wide variety of uses 
from aircraft wings to gearbox castings. One method of producing aluminium alloys 
is by casting processes. There are two types of casting processes; sand cast or 
permanent mould cast. Both types of processes produce castings, which can be heat 
treated if required. Examples of uses and the composition of heat and non-heat 
treated aluminium cast alloys are shown below in table 2.1 
Types of treatment Alloy composition wt% Use of alloys 
(Main constituents) 
Non-heat-treated (sand cast) Al - Cu Cu 7.0% Small engine crank cases; covers, hand wheels. 
Alloy Zn 1.7% 
Si 2.0% 
Al 89.3% 
Non-heat-treated (permanent mould Cu 7.0% Washing machine agitators, automotive 
cast) Al - Cu Alloy Si 3.5% cylinder heads, timing gears. 
Al 89.5% 
I leaf treated (sand cast) Al - Cu Alloy Cu 4.5% Bus and truck wheels, aircraft wheels, fittings 
Si 0.8% and brackets. 
Al 84.7% 
Heat treated (permanent mould cast) Al Cu 4.5% Aircraft fittings, gun control parts, gear 
- Cu Alloy Si 2.5% housing, wheels, railroad car seat frames. 
Al 83.0% 
Non heat treated (sand cast) Al - Mg Mg 3.5% Dairy and food handling equipment, marine 
alloy Al 86.2% hardware fittings for chemical and sewage 
equipment. 
Non heat treated (permanent mould Mg 3.8% Cooking utensils and pipefittings for marine 
cast) Al - Mg alloy Si 1.8% uses. 
Al 85.4% 
i lent treated (sand cast) Al - Mg alloy Mg 10.0% Aircraft fittings, levers and brackets, rail 
Al 90.0% benders and flying shear parts. 
Table 2.1 
Examples of heat and non-heat treated cast aluminium alloys containing silicon and 
magnesium (2,3) 
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2.1.3 Designation and composition of aluminium alloys (4 
As stated above adding different metals to the bulk aluminium can produce many 
different alloys. The following table (table 2.2) shows the most common types of 
aluminium alloys encountered, each series has its own unique identification number. 
Alloy Identification Number Aluminium content or main alloying element 
wt% 
I xxx 99.00% Al Minimum 
2 xxx Copper 
3 XXX Manganese 
4 xxx Silicon 
5 xxx Magnesium 
6 xxx Magnesium & Silicon 
7 xxx Zinc 
8 xxx Others 
1 able 1. l 
International Alloy Designation System, used for identification of alloying elements ý`'ý 
2.1.3.1 Composition and range of elements present in aluminium alloys(5) 
Within each alloy series the alloying elements have specified compositional ranges 
these can be seen in table 2.3 
Alloys 
series 
Si % wt Fe % wt Cu % wt Mn% wt Mg % wt Zn% wt Cr% wt 
1000 0-0.006 0-0.006 0.006-0.2 0.002 - 
0.05 
0.006- 
0.05 
6- 
0.10 
2000 0.1 -0.4 0.2- 1.0 1.9-5.0 0.1- 1.2 0.03- 1.8 0.1 -0.25 0-0.1 
3000 0.3-0.6 0.7 0.05-0.3 1.0- 1.5 0.2- 1.3 0.1 - 0.25 0.1 
4000 
5000 0.2-0.4 0.35-0.7 0.1 -0.2 0.1 -1.0 0.5-5.5 0.1 -0.25 0.05-0.35 
6000 0.2- 1.6 0.15-0.7 0.1 -0.4 0.05-0.8 0.45- 1.2 0.05-0.25 0-0.35 
7000 0.1 -0.4 0.04-0.5 0.05-2.6 0.1 -0.4 1.0-3.7 3.5-8.0 0.05-0.35 
8000 0.17-2.0 0.45-1.0 0.1-2.0 0-0.1 0-0.05 0.05-0.1 0-0.005 
Table 2.3 
Specified compositional ranges for aluminium alloys 
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2.1.4 Uses of aluminium alloys 
2.1.4.1 2000 Series(6) 
These alloys have the main alloying element as copper; their main uses are in the 
aerospace industry. The advantages of these alloys are that they have a very good 
strength to weight ratio, as well as having the ability to be shaped easily. The amount 
of copper added to 2000 series alloys is usually up to 5% copper. Along with the 
addition of copper, trace metals are usually added, these are Si, Mg, Mn and Fe as 
stabilisers. The majority of aluminium-copper alloys are used in aerospace 
applications, also as fuel tanks for storing liquefied gases for missile propellants. The 
interesting aspect of the 2000 series alloys are the precipitates that are formed. The 
major precipitate that is formed in 2000 series alloys is the CuAl2 intermetallic. This 
precipitate tends to be larger than the precipitates of other comparable series, such as 
7000 series. The CuAl2 is called the 0 phase and it can have a varied composition 
depending on how fast the alloys were quenched and the quantity of copper in the 
alloy. The first formation of the 0 phase occurs at 591°C where the aluminium has a 
value of 46.5% wt at room temperature, the maximum solubility of copper in 
aluminium is 5.65% wt at 548°C. The ideal composition of a CuAl2 precipitate would 
be 66.67 atomic % of Al (45.92 wt %). The formation of other precipitates is slightly 
more difficult to define although the addition of Mn to the alloy enables any traces of 
Fe to be removed forming a compound of (Mn, Fe) Alb. This then allows any 
remaining silicon to segregate into the 0/ matrix interface, this has the overall effect 
of improving the mechanical properties. 
2.1.4.2 3000 Series(7) 
These usually contain Mn up to 1.25%; the most commonly used alloy is the 3003, 
which is usually in sheet form. Generally the alloys have moderate strength and high 
ductility and good corrosion resistance. They are most commonly found in cans for 
the beverage industry, as well as cooking tools and roofing sheeting. 
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2.1.4.3 4000 Series 
Some Al - Si alloys are available, but their uses are limited and are used mainly for 
welding electrodes, e. g. 4043 or brazing rods, e. g. 4343. 
2.1.4.4 5000 Series(8) 
The main alloying element is magnesium and the amount that is usually added to the 
aluminium is 0.5 - 5.5%. Any greater amount would lead to precipitate formation in 
slip bands and grain boundaries, which would lead to intergranular attack and stress 
corrosion cracking in corrosive conditions. However, at lower amounts of Mg and 
with the addition of trace elements such as Mn and/or Cr, increases in tensile 
properties can be seen. Therefore good tensile properties are obtained when Al is 
alloyed with Mg. The main applications of these alloys are in structural plate, e. g. 
dump truck bodies, large tanks for carrying non-corrosive liquids e. g. petrol, milk. 
Other applications are pressure vessels, especially for cryogenic liquids. The 
advantage of these alloys are that they are highly corrosion resistant to seawater and 
so this makes them suitable for small boats, as well as ocean going vessels. 
2.1.4.5 6000 Series(9) 
The combination of Mg and Si being added to aluminium produces products that have 
good properties for extrusion. There are two types of alloy commonly produced; the 
first where equal amounts of Mg and Si are added forming Al-Mg2Si alloys, and the 
second where there is an excess of silicon, needed to form Mg2Si in the aluminium 
matrix. The Al-Mg2Si alloys are readily extrudable and also they can be quenched on 
emerging from a hot die without causing any microstructural changes, therefore 
eliminating the need for further heat treatment. The second group, containing excess 
silicon, has a higher strength on ageing. Due to their increased sensitivity to 
quenching they are usually solution treated and water quenched after extrusion. 
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2.1.4.6 7000 Series(] 0) 
This series consists of Al-Zn with a small amount of Mg added between 0.7% - 4%. 
These alloys have a particular advantage of being easily weldable, while still 
maintaining a strong structural metal, as well as having little reduction in tensile 
strength after welding. Their uses include lightweight military bridges, as well as 
railway carriages. The only problems that may occur are that these alloys are 
susceptible to stress corrosion cracking at weld sites. This problem is overcome by 
adding small amounts of copper or silver (subject to cost). 
2.2 The metallurgy of 2014A -T6 Al alloy 
The Al-Cu phase diagram is a highly complex system showing the many different 
phases possible at different weights of copper added. The alloy 2014A-T6 contains 
approximately 5% by weight copper, which is the composition that will be studied 
here. With the addition of the copper the main precipitates that form are 
intermetallics composed of different amounts of aluminium and copper, these being 
CuAl, and CuMgAI,. These intermetallics have differing compositions depending on 
the copper content. The 2014A-T6 Al alloy that is used throughout this thesis has a 
composition of the following. 
Metal Al Cu Si Fe Mn Mg Cr Zn Ti Other 
Max. 91.05 5.00 0.90 0.50 1.20 0.80 0.05 0.25 0.10 0.15 
Min --- 3.90 0.50 --- 0.40 0.20 --- --- --- --- 
Table 2.4 
2014A-T6 aluminium alloy composition by % weight(") 
As can be seen the alloy contains many trace elements such as Si, Fe, Mn, Mg which 
are added intentionally to aid the properties whereas the others, Cr, Zn, Ti etc. are 
contaminants during the casting process. These trace elements also form a precipitate 
containing the following metals Al, Cu, Fe, Mn, and Si as identified by EDX. More 
importantly the main precipitate that is formed is CuAI2. Both the precipitates that are 
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formed in 2014A-T6 play a role in giving the alloy strength, but the CuAl, precipitate 
is the one that plays the most significant part(") 
2.2.1 Electrochemistry of 2000 Series Alloys 
With the formation of CuAl7 in the aluminium rich matrix, a galvanic cell is set up. If 
the potential of a specimen of CuAl2 was compared to that of the aluminium rich 
matrix, it would be found that the CuAI, is more noble at -0.53V Vs SCE(12) than the 
aluminium rich matrix at -0.85V Vs SCE(''-). This would then promote the formation 
of a galvanic cell in a corrosive environment. The main reactions that take place are 
stated below. They do not take into account the area relationship of the CuAl2 to Al 
rich matrix (as the CuAl2 precipitates are very small and the overall rate of corrosion 
is quite slow). Also disregarded is the fact that both oxygen evolution and hydrogen 
evolution are co-competing reactions in the anodic and cathodic regions. 
Cathodic reactions occurring on the CuAI2: 
Acidic conditions: - 
2H'+ 2e > H, (2.3) 
Alkaline and neutral conditions: - 
0, + 2H20 + 4e > 40H- (2.4) 
As for the anodic reaction the aluminium undergoes dissolution: - 
Al > Al" + 3e (2.5) 
In acidic conditions the formation of compounds, such as AIC13 will occur if the acid 
medium happens to be hydrochloric acid. In neutral conditions (in the presence of 
chloride ions) the corrosion products are likely to be a mixture of aluminium chloride, 
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aluminium hydroxide, and aluminium hydroxychlorides. In alkaline conditions, the 
likely corrosion product is aluminium hydroxide as the Al" reacts with the OH- ions 
produced by the cathodic reaction, equation 2.4("). 
2.2.2 Formation of CuAl2 
2014A-T6 Al alloy contains approximately 5 wt% Cu, and if the binary phase 
diagram is observed for an alloy containing 5 wt% Cu, it can be seen that above 660°C 
both Al and Cu will be in a liquid state. At just below 660°C the first precipitate of 
CuAl2 begins to form in the liquid. As the temperature further decreases the 
formation of CuAl, increases until the temperature of 548°C is reached. At this point 
the maximum amount of copper that can react with the aluminium has done so. 
Below 548°C the aluminium becomes incorporated into a solid matrix containing the 
CuA12 precipitates. The CuAl2 is called the 0-phase. On observation of the Al-Cu 
phase diagram (figure 2.1) at the above percentages it can be noted that the 0- phase 
melts at 591 °C but it has its most stable region at 548°C (14). 
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2.2.3 Structure of CuAI2 
The structure of CuAl, (0-phase) is extremely interesting; work carried out by 
Motoyasu, Soda, McLean and Simizu(15) into producing CuAl, showed under 
examination of the specimen by SEM that the surface consisted of two distinct 
regions. A dark region and a light region were observed. The dark region consisted of 
aluminium only, whereas the light region consisted of CuAI,. Showing that even 
when a sample of CuAl, is produced, two phases are produced. Motoyasu et al(15) 
didn't state how they analysed these samples, so one can only assume that the 
technique used was EDX analysis, as this is a standard technique used on an SEW'). 
2.2.4 Corrosion of CuAIZ 
The intermetallic CuAI2 undergoes selective dissolution of both aluminium and 
copper, however, the copper can be redeposited. In a paper by Mazurkiewicz et al(16), 
they carried out electrochemical experiments on CuA12 in I and OA M NaOH, and in 
IM NaCl- They found and quoted (exact quotation from Russian paper) "the 
dissolution of the Al, Cu compound leads to the plating of copper on the electrode. 
Both at the corrosion potential under conditions of anodic polarisation for potentials 
of thermodynamic stability of metallic copper, and this be the result of the selective 
dissolution of aluminium on the dissolution of CuAl2 and reverse reduction of 
copper". 
This basically infers that when the intermetallic is in solution it corrodes, according to 
the following equation: 
CuAl2 > Cu' + 2A13 + 6e" (2.6) 
The overall formation of the copper metal and the dissolution of aluminium forms 
from the following mechanistic equation: 
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1) Dissolution of aluminium and copper 
CuAlz 2A13+ + Cu2+ + 8e" (2.7) 
2) Redistribution of copper as the metal 
Cu'+ + 2e Cu° (2.8) 
The mechanism was confirmed by Mazurkiewicz et al('6 as a copper surface was 
redistributed on a steel ring for a sample of CuAl2 incorporated within the electrode 
used for the experiment. They also used analytical measurements to detect the 
presence of copper and aluminium ions in solution. The techniques they used to 
analyse for copper and aluminium were not stated but presumably they used either 
atomic absorption spectroscopy or inductively coupled argon plasma, both of which 
would detect down to low concentrations of metals (ý ppb) in solutions. The solution 
after dissolution containing the ions, it was stated, was analysed for copper and 
aluminium, and it was found to contain aluminium ions, but less than 10"8 mol/l of 
copper ions (possibly the lower detection limit for the instrument used). This then 
indicated that all the copper that dissolves redistributes immediately. 
Dimitrov et al(") found similar results on investigation of copper redistribution during 
the corrosion of 2024 - T3 Al alloy in 0.1M NaOH and 0.5M NaCl using a technique 
using lead under-potential deposition on copper. This results in the deposition of one 
monolayer of lead atoms on any copper surface using this technique. They studied the 
redistribution of copper by allowing it to plate out and then by using this technique to 
examine whether any copper was present. The authors found in the NaOH solution 
used, there was a dramatic increase in the copper content on the surface with time. 
They concluded that during de-alloying the less noble components in the alloy 
developed a bi-continuous solid-void morphology. The experimental work carried out 
in 0.5M NaCl showed a four fold increase in the copper content on the surface of the 
alloy. The conclusion that was put forward was that the enrichment of copper was 
possibly as a result of selective dissolution of copper from the S phase intermetallic 
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(more prominent in 2024 - T3 Al alloy). The resulting copper then plates back onto 
the surface. 
2.2.5 Properties of 2014A-T6 Al Alloy°18 
The improved properties that are gained by alloying stated by Smithells('8 can be seen 
in the table 2.5 below. 
Composition Form 0.2% proof stress Tensile strength % elongation Shear strength Brinell 
MPa Mpa MPa Hardness 
P=5D2 
Al 99.99% Sheet 20 55 55 50 15 
2014A-T6 Sheet 430 480 20 260 115 
Table 2.5 
Comparison in the properties between 99.99% pure aluminium and 2014A-T6 Al 
alloy 
As can be seen, the effect of adding copper to the aluminium has a considerable effect 
on improving its properties. The CuAl2 precipitates forming at grain boundaries after 
age hardening cause the added strength. 
2.2.6 The nature of the oxide film on aluminium 
It is a well-known fact that aluminium supports an oxide film. The structure of this 
oxide is described as being amorphous below 500°C('9'20). The amorphous nature of 
the oxide was characterised by X-ray diffraction in which the resultant film gave rise 
to a diffuse halo X-ray diffraction pattern, characteristic of an amorphous crystal. 
Thompson(`') has further stated that dependent on the conditions, the film thickness 
will range from I- 10 nm in thickness. The oxide itself is a poor electron conductor 
due to its high band gap. This characteristic in itself should leave the aluminium 
corrosion resistant. However, this is not the case due to the presence of flaws in the 
oxide film(2 and the chemical activity of the oxide film, which can be broken down 
by halide ions and at pH's either side of the 4-8.5 passivity region. It is commonly 
known that the structure of the oxide is similar to hexagonally arranged cells, but 
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Thompson (21) states further that these cells have metal ridges separated by troughs on 
the {100} grain face and a furrow-like arrangement of metal ridges separated by 
troughs on { 110} faces. The oxide film can be grown to produce a thicker film by 
processes such as anodising in sulphuric acid (15% wt at 21°C) as used by Hunter and 
Fow1e(22). They found that the oxide film would increase its thickness in the above 
conditions by applying 14 volts with the aluminium as the anode in an electroytic cell. 
If the aluminium has elements alloyed to it, this is likely to increase the number of 
flaws in the oxide film. As the precipitated intermetallics formed this would cause 
flaws above themselves to exist. In addition the intermetallics themselves will act as 
sites for the cathodic reaction to occur thereby generating OR ions, which then go on 
to chemically attack the adjacent aluminium - filmed surface. This leads to local 
anodic reactions, which subsequently thins the aluminium substrate around the 
intermetallic, as well as dissolving the oxide film by localised pH change. 
2.3 Corrosion of aluminium and aluminium alloys"; ) 
Pure aluminium, according to Pourbaix's(23) E-pH diagram (figure 2.2) has a range of 
pH's at which it will be passive in pure water, this range is approximately pH 4-8.5. 
The product of the reaction between the aluminium and the water that is stable over, 
this region is called hydrargillite A1,01.31-1, O. However, on shifting the pH into a 
more alkaline region the A1203.31-120 is no longer stable and breaks down in solution, 
just after pH 8.5, forming, soluble aluminate ions A102'. On immersion of a piece of 
aluminium into that solution, the Al will decompose the water with the evolution of 
hydrogen, and as stated above, the Al will exist as aluminate ions. If the pH falls 
below 4 then the aluminium decomposes water (again with accompanying hydrogen 
evolution) forming trivalent Al" ions. As we can see from above, the conditions that 
aluminium should not corrode are in pure water containing no other ions. However, 
many factors effect the corrosion of aluminium, one of the main factors is the purity 
of the aluminium. The majority of aluminium in use for industrial and practical 
applications has some form of alloying elements added to improve its properties and 
performance. These can cause the formation of galvanic couples and hence increase 
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the rate of corrosion. Other factors that can affect the stability of the aluminium are 
the presence of chloride ions, to be discussed later. 
In this thesis, the aluminium alloy that is being considered is 2014A T-6. The 
addition of the Cu to the aluminium causes the formation of, amongst others, a 
precipitate/intermetallic CuAl,. These precipitates lie on the surface of the alloy and 
in the bulk and are regarded as being more noble (at approximately -530mV Vs SCE) 
than the surrounding aluminium rich matrix (at approximately -850mV Vs SCE). This 
causes an electrochemical potential variation, when the alloy is immersed in a solution 
containing chloride ions. This potential difference is called a galvanic (bi-metallic) 
cell and the alloy undergoes galvanic corrosion as follows. The CuAI7 precipitates act 
as the cathodic element in the cell and depending on the pH, different cathodic 
reactions may occur on the CuA12 precipitate surface. There are two cathodic 
reactions possible in (1) acid e. g. sulphuric acid, in (2) neutral and alkaline e. g. 
sodium hydroxide (see section 2.1.5). 
As for the anodic reactions on the aluminium rich matrix, the reactions that occur 
usually involve either the Al; + ion or the A1O, " as intermediate depending on the pH 
(see section 2.2.1). 
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E-pH diagram for pure aluminium, after Pourbaix(23) 
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The reactions described above are of a standard model involving aluminium in water 
at varying pH, however, in reality other ions may be present in the solution, which 
may cause other corrosion reactions via different mechanisms. The most commonly 
encountered ion is the chloride ion, especially prevalent in seawater; it is also present 
in soils near salt marshes and other coastal areas. The chloride ion (as well as other 
halide ions) breaks down the outer oxide film on the surface of the aluminium, leading 
to problems, such as pitting, crevice corrosion. The corrosion mechanism by which 
the chloride ions attack can be broken down into distinct steps. 
2.3.1 Stages which occur when pitting develops on 2014A-T6 Al alloy(24 25) 
Pitting occurs on the surface of the aluminium by four distinct mechanisms and is a 
major mode of corrosion. The mechanisms of pitting are: 
a) Initiation. 
b) Propagation. 
c) Termination. 
d) Re-initiation. 
All the above occur on the surface not necessarily at the same time or the same place 
and can be seen in figure 2.3. 
2.3.1.1 Initiation 
Initiation occurs when halide ions present in the surrounding environment (e. g. Cl") 
are adsorbed on to the oxide film covering the aluminium, which is approximately 10 
nm thick. There then is a competitive process between the adsorbed Cl- ions, water 
molecules and hydroxide molecules that would normally have promoted passivity of 
the oxide film enabling its growth. The formation of halide complexes are more 
favourable than the oxide film so the reaction occurs, it should also be noted that the 
products formed are soluble and can be washed off the surface enabling further Cl- to 
react with the surface, enabling more Al to be removed. Foley (26 showed using a 
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potential energy surface diagram, that in the film the following compounds/species 
can be seen, A1OH++, AlCl'+, Al(OH) Cl+, Al(OH)2CI, A1(OH)3, A1,01. The formation 
of the above compounds and intermediaries, confirms that the oxide film contains 
many impurities, which will contribute to the next process. 
Al + 2C1-- > A1C1, (ads) + 2e (reaction intermediate) (2.9) 
AICI, (ads) >AiCI2+ + e" 
AIC12 + H, O Al(OH)Cl, + H} 
(2.10) 
(2.11) 
Al(OH)Clz + H, O > AI(OH)2C'+ H+ + Cl- (2.12) 
The pit potential for the formation of the pit and subsequent corrosion products is 
dependent on the concentration of the Cl" and the products beginning to build up. 
2.3.1.2 Propagation stage 
Once the pit in the aluminium has developed and the cavity exists, further corrosion 
will occur by local cell action. In the case of the alloys the noble precipitates will 
force the less noble aluminium around them to corrode at grain boundaries and 
interstitial sites. In high purity aluminium an oxygen concentration difference will 
cause corrosion. This is because high areas of oxygen will act as a cathode and the 
oxygen deficient area will act as the anode causing a localised corrosion cell. As the 
pit cavity grows it will begin to accumulate insoluble corrosion products, which are in 
the form of amorphous gels. These will then react further forming insoluble oxides by 
the migration of metal ions from the anode to the cathode, at which point they will 
combine and react and precipitate out on the side of the pit. Once precipitated out the 
corrosion products then become a physical barrier to the diffusion of oxygen to the 
anode. However, there is still an oxygen difference between the cathode and anode 
and corrosion in the pit still occurs, causing it to deepen. However, while this is 
happening the upper surfaces of the cavity become cathodic and so the pit will then 
become a self-contained corrosion system. Eventually the resistance of the solution 
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will limit the range of the pit current which will concentrate around the anode giving 
this area cathodic protection. At this point the cap of the corrosion product will 
restrict further attack by causing the solution to maintain on acidic environment in the 
pit cavity. 
2.3.1.3 Termination stage 
If during the initiation stage the pit has not formed in a way in which the corrosion 
product fills the pit completely, then an internal resistance is set up in the local cell 
' area, this therefore gives rise to polarisation of the anode, which then stifles the pit. 
CI 
H2 O 
Aluminium 
surface 
Pourous hydroxide 
diaphragm 
AI(OH) 
Copper deposit 
or noble precipitate 
(cathode) 
HCI 
AICI 
H+ 
AICI2 
AIOHCI 
Anode 
Figure 2.3 
Concentrated acid 
pit solution 
A diagram of pit formation in a corrosive salt spray environment 
after Foley (26 
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2.3.1.4 Re-initiation 
Re-initiation occurs if the cap of the pit is removed by some mechanisms allowing 
more solution to come into contact with the pit, also on removal of the cap re- 
initiation of differential aeration cells takes place 
These pits then go onto cause many problems, added to pitting, if a 2000 series alloy 
or 7000 series alloy is being used. Another effect is stress corrosion cracking(2' and 
this kind of corrosion occurs at precipitates causing intergranular or transgranular 
cracking of the alloy. When the alloy is under a static tensile stress in solution and 
will cause any pit formed between the cathodic precipitate and Al matrix to open, and 
eventually the metal will fail at a stress well below its theoretical failure limit. 
2.3.2 Different types of corrosion 
2.3.2.1 Crevice corrosion(27) 
Crevice corrosion(27 occurs under normal pitting conditions. Initially the surrounding 
electrolyte is assumed to have a uniform composition. The corrosion that occurs, does 
so slowly over the whole surface both inside and outside the pit / crevice. At this 
point the dissolving metal ions react with the OH- ions produced by the cathodic 
reaction on the surface of the metal. The cathodic reaction uses up the oxygen on the 
outside causing an oxygen imbalance. This occurs, as there is a high oxygen 
concentration at the metal surface compared to a low one at the base of the pit leading 
to diminished amounts of OH- ions at the base of the pit. When chlorides are present 
they will react with the excess metal ions and water forming a corrosion product and 
hydrogen ions. These then react with chloride ions producing HCl, thereby lowering 
the pH causing further metal dissolution, this leads to an auto catalytic reaction, once 
started it is self sustaining. This mechanism is called the Fontana-Greene mechanism. 
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2.3.2.2 Intergranular corrosion(28) 
Intergranular corrosion occurs in aluminium alloys whose structure has been subjected 
to precipitate hardening. Alloy types affected in this way are AI-Zn-Mg, work 
hardened Al-Mg (containing more than 3% Mg), and more relevant to this thesis Al- 
Cu. Intergranular corrosion occurs in Al-Cu alloys more than most, because of the 
presence of the CuAI, precipitate. The susceptibility of intergranular attack is 
dependent on many factors, such as, nature of the precipitate, size, and distribution. 
Since intergranular corrosion occurs at the interface of the precipitate and the Al rich 
matrix, this causes a reduction in strength at that point, and, can lead to further 
problems such as leaving material highly porous and extremely weakened. 
2.3.2.3 Stress corrosion cracking(28) 
Grain structure will effect the stress corrosion behaviour of high strength age- 
hardened aluminium alloys. The cracks that occur are always intergranular when 
stressed in short transverse directions; the long pancake-shaped grain structure 
provides an easy path for crack propagation to occur. However, if stressed in the long 
transverse or longitudinal direction the possibility of cracks occuring is difficult and 
more complex. If a high strength aluminium alloy is stressed in short transverse 
direction, rapid failure will follow, however, if stressed in the longitudinal or 
transverse direction the alloy will be quite immune. 
2.4 Chromate coatings on aluminium 
Chromates are widely used as the promoters of conversion coatings on a wide variety 
of metals ranging from zinc, zinc alloys, tinplate (for foodstuff), cadmium and 
magnesium. They are extensively used on aluminium and its alloys and once 
produced form a yellow iridescent coloured film. These films are highly resistant, in 
most cases, in excess of 336 hours in a neutral salt fog environment (ASTM B117) 
and to corrosion from other aggressive environments, their excellent resistance comes 
from, as many authors suggest, as having a self-healing mechanism. This, as it will be 
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seen, is a mechanism that makes chromates stand apart from the other conversion 
coatings. 
2.4.1 Coating growth mechanism 
For metals such as zinc and its alloys and aluminium and its alloys the formation of a 
chromate conversion coating occurs in two distinct stages. The first is the oxidation 
of the metal surface on immersion into the acidic treatment solution, the reaction 
results in the formation of the metal sulphate, with the evolution of hydrogen: 
Zn + H2SO4 > ZnSO4 + H2 (2.13) 
The evolution of the hydrogen, causes a shift in the pH as the H+ ions are depleted. 
This results in an increase in pH at the zinc / zinc alloy solution interface, the resulting 
pH change causes the sodium dichromate from the solution to form a chromium 
hydroxide and a sodium chromate solution. The resulting two compounds react 
forming a complex which forms on the surface of the metal: 
3H2 + 2Na2Cr2O7 2Cr(OH)3 + 2Na2CrO4 (2.14) 
2Cr(OH)3 + Na2CrO4 ,) Cr(OH)1 . 
Cr(OH)Cr04 + 2NaOH (2.15) 
The hydrated species contain both Cr" and Cr6 ions, however Cr" remains in a much 
greater quantity. 
2.4.2 Chromate coatings on aluminium and its alloys 
Chromate coatings on aluminium have proved highly effective. The production of the 
coating involves dissolution of the oxide film using halide ions, usually in the form of 
NaF. Once dissolved the exposed oxide-free metal surface is able to react with the 
chromate species. In a paper by Katzman and Maloüft29), the mechanism by which 
chromate coatings grow on the aluminium is discussed. They observed that if fluoride 
ions are excluded from the coating solution, then only a thin chromate film was 
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produced. This resulted in poor adhesion and corrosion resistance, as the film formed 
was on top of the aluminium oxide surface layer. However, they found that on 
addition of hydrogen fluoride or hydroxide ions to the ch omating solution, an 
excellent coating formed. They postulated that the mechanism of film growth was 
similar in both cases, however, their research was focused on the fluoride containing 
solutions as these are more widely used. Edeleanu and Evans(30) proposed that 
chromate ions and the aluminium underwent a redox reaction to form aluminium 
oxide and chromic ions. 
2A1 + 3H20 > A1,03 + 6H+ + 6e (2.16) 
2CrO42 +1 0H'ß + 6e" Cr, O3 + 5H, O (2.17) 
Pryor (3 stated that "as migrating aluminium ions arrive at the oxide/ solution 
interface they become oxidised to y-A1203 with Cr` ions becoming Cr` ions. " They 
also state that chromate ions from the solution are more likely to be strongly and 
specifically adsorbed on the metal surface if the metal was film free. This was also 
concluded by Katzman"') who proved the necessity for F" ions to be present at a pH of 
approximately 1.5: 
AIOOH + 3HF ). AlF3 + 2H, O (2.18) 
on exposure to the aluminium surface the chromate ions react with the metal: 
Cr2O7'-" + 2A1 + 2H+ + 2H20 -> 2CrOOH + 2A100H (2.19) 
At this point a mixture of AIOOH and CrOOH mixed oxide starts to form the coating 
on the aluminium surface. The rate-limiting factor is the formation of AIOOH, as in 
the absence of F" ions the AIOOH ceases the reaction and only a thin chromate coating 
is formed consisting of CrOOH. However, if F" ions are present they are able to 
dissolve the AlOOH forming soluble AlF3 ions leaving the chromate coating to 
continue to grow. 
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2Al + Cr2072 + 8H+ + 6F > 2A1F3 + 2CrOOH + 3H20 (2.20) 
AIOOH + Cr, 072 + 10H+ + 3F- > AIF3 + 2CrOOH + 5H, O (2.21) 
Katzman (29) monitored the growth mechanism using Auger depth profiling. He showed 
that after five seconds the A1OOH coating was breached, and the chromate began to 
attack the aluminium. At this point the coating was 200 A thick, after ten seconds the 
chromium on the surface of the aluminium had reached an equilibrium value (31%) 
and a concentration maximum was beginning to form, and the coating thickness was 
not equal to 300 A thick. After fifteen seconds Katzman's depth profiling showed 
that the coating had completely formed, but was only 400 A thick, however, after 
thirty seconds the coating had completely formed and increased to a thickness of 700 
A. 
Other investigators such as Zuzahm et al(32 examined the structure of the chromate 
films produced using different techniques. Zuzahm, Hongbin et al32), used AES, 
AES, X-ray diffraction and DTA. They found on immersion into a solution 
containing Cr03 4.5g/l, NaF 1.1 g/l, K3Fe (CN)D, 0.6g/1 at pH 1.9 that a coating formed 
on the surface. They found using AES depth profiling and Rutheford back scattering, 
that the total thickness of the coating after twenty five seconds immersion was 200 - 
300nm along with a ratio of Cr" / Cr6 at 1: 1, rising to 3: 1 on increasing the 
immersion time to seventy five seconds. Using AES they found that the Cr6' was 
found in the outer layer in the <2Onm region. Davenport, Kendig and Issacs(33) used 
XANES to examine the ratio of Cr3i to CO', on a chromate coated panel of 2024 
aluminium alloy. Their experimental results showed firstly that the ratio of Cri to 
Cr6+ is approximately 80% / 20%, showing a significant amount of Cr6i remains in the 
coating on the aluminium alloy. They also agreed with Zuzcham(32) and found that 
Cr6+ is converted to Cr3" at the coating/ substrate interface in the earliest stage of film 
formation. They also concurred with many authors('`') and found the Cr(III) in the 
conversion coating is not crystalline Cr203 but has a very close resemblance to an 
amorphous hydrated Cr(OH)1. 
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2.4.3 Chromate coatings on aluminium alloys 
With regard to 2000 series alloy, the presence of precipitates such as CuAl,, cause not 
only increased corrosion problems, but also problems when forming the chromate 
coatings themselves. However, the addition of either potassium ferricyanide or 
potassium ferrocyanide, K4Fe (CN)6 or K3Fe (CN)6 was shown to not only overcome 
the problem of coating the precipitates, but enhance the chromate coating resistance 
above the precipitates. Hagans and Haas(34) carried out work on 2024 T-3 using a 
standard chromate coating solution containing NaF, Cr03 at pH 1 with these solutions. 
Then they investigated the effect of the cyanides and they found using Auger electron 
spectroscopy depth profiling that the ferrocyanide reacts with the surface copper in the 
intermetallic to produce an insoluble copper ferrocyanide. Hagans and Haas (31) also 
found that the ferricyanide is not found through the entire film thickness. Instead they 
found by using C and N peaks that the ferricyanide extends to about 200 A into the 
surface of the film compared to a total film thickness of 1000 A above the CuA12 
precipitates. The ferricyanide extended through the whole film above the precipitates 
indicating that this area was highly reactive to the C and N group, enabling enhanced 
protection by reducing the bimetallic coupling between the precipitates and the alloy 
matrix. 
2.4.4 Corrosion resistance of chromate coatings 
The reason why chromate coatings are extremely effective is because of their so- 
called `self healing nature'. This occurs because when the chromate coating forms on 
the metal surface, the majority of the surface coating exists in the Cr` form. 
However, there also exists a so called `reservoir' of Cr` in the outer layers which, 
when the coating is breached, oxidises and repairs the surface by being reduced to 
Cr" and hence giving further protection. Hagans and Haas('"), using AES depth 
profiling, showed a ratio of 60% Cr6 to 40% Cr` in the chromate coating, whereas 
Davenport et al(33) showed, using XANES, 20% of the coating contained Cr`'+ and 
Wood et al35) showed using AES that 9% of the coating contained Cr`1. As can be 
seen the percentage of Cr6+ that can be detected in the coating is highly variable and 
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the results are different possibility due possibly to the nature of the analysis 
techniques, as well as the type of chromating solution. 
Heine and Pryor (36 also carried out a study into the mechanism of chromate protection 
of aluminium. Using sodium chromate at pH 2.5 to 9.5, they found that films formed 
over a few hours on the aluminium surface with a logarithmic rate. They also found 
that the aluminium ions migrating to the oxide-solution interface were considered to 
have been oxidised to y- A1203 with the chromate ions being reduced to Cri ions. The 
actual A1203 was found to encourage passivation with the chromate ion, this involved 
a kinetic balance between film formation and film dissolution and factors that retards 
film dissolution increase the passivity of the surface of the metal. In a paper by 
Treacy, Wilcox and Richardson(") results were presented for the evaluation of a 
chromated and unchromated aluminium 2014A-T6 Al alloy, both exposed to 5% 
neutral salt spray. It was found that the uncoated alloy corroded rapidly within the 
first 4 hours and this continued for the next 20. It was assumed that the reaction was 
under diffusion control and was attributed to galvanic corrosion of the intermetallic 
CuAI,. The corrosion rate then reduced, as corrosion products built up on the surface 
and started to inhibit the reactions. As for the chromated sample there was an increase 
in the total corrosion resistance in the first 24 hours as for the salt spray the uncoated 
continued to corrode after 24 hours leading to grossly corroded surfaces after 6 days. 
After 24 hours the chromated samples surface lightened in colour but no white 
corrosion product were seen. After 2-3 days, black spots were seen leading to black 
streaks after 6 days. After 8 days the first white corrosion products were seen, after 
14 days there was an increase in black staining. Some of the uncoated panels were 
entirely covered with white corrosion product on all the panels examined, this showed 
that the chromate was much more effective at reducing corrosion as compared to the 
uncoated alloys. 
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2.4.5 Replacements for chromates 
One possible alternative for a conversion coating replacement for aluminium and its 
alloys, is a coating formed using sodium orthovanadate. Which is one of the 
compounds the DTI LINK programme was tasked to investigate. One of the major 
factors in deciding whether to use this compound, is whether the sodium 
orthovanadate is more or less toxic than chromates. If it is less toxic then it is worth 
while investigating its possible use as a conversion coating. 
2.5 Toxicological assessment 
The main aim is finding an alternative conversion coating to chromate conversion 
coatings, is that the Cr" ion is a suspected carcinogen. As such the European Union 
has started moves to reduce and eventually ban the use of Cr"' ion in solution as an 
industrially used conversion coating bath component, (Council Directive COM 
(97)358 Final - 97/01/94SYN). With the eventual banning, the coating industry is 
potentially left with a problem of what to replace chromates with. This is the main 
driving force for finding an alternative, less toxic conversion coating. So the aim of 
the following discussion is to compare the toxicity of chromium compounds and 
vanadium compounds. 
2.5.1 Chromate toxicity 
2.5.1.1 Toxicity to humans of chromium coating compounds(38) (39) 
Sodium dichromate is probably the most commonly encountered hexavalent 
chromium compound in the coating industry. It is also a precursor to many of the 
other hexavalent chromium compounds used. It is used in the production of many 
pigments such as lead chromate in paints. Sodium dichromate is used to produce 
chromium trioxide, which is used principally in the electroplating of chromium (both 
decorative and engineering), anodising of aluminium and in chemical conversion 
coating solutions which used extensively as they provide excellent corrosion 
protection. However, in all these compounds the chromium ion exists in the +6 
oxidation state and the Cr' ion is carcinogenic. In 1970,1.483 X 105 tons of sodium 
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chromate was used in the coating industry exposing an estimated 175,000 workers 
directly to chromium 6+ compounds. Even if only 1% of the workers are affected by 
the Cr6+ that will still mean that 1750 workers may develop some form of cancer 
attributed with exposure to Cr6 and this sort of figure is highly unacceptable. 
Therefore Cr61 is being slowly outlawed in the US and now the European Commission 
(Council Directive COM (97) 358 Final - 97/01/94 SYN) has decided that it too will 
outlaw Cr" compounds to reduce the exposure of EU citizens working in the coating 
industry. The justification for this reduction had been prompted when one looks at the 
health effects encountered on exposure to Cr61 
2.5.1.2 Effect of Cr6+ on DNA (40) 
In the Cr'" form the chromium species are almost always linked to oxygen and when 
combined the two act as a strong oxidising agent with the ability to be reduced to Cr` 
when in contact with organic matter, such as DNA. The Cr64 is able to pass through 
the cell membrane easily and is therefore able to disrupt the DNA strands, by reaction 
with these, in the process being reduced from Cr" to Cr". This may initiate the 
subsequent replication leading to cancer formation, or it is also possible that the 
trivalent species binds to macromolecules, which cause mutation. 
2.5.1.3 Inhalation (41) (42) 
Highly water-soluble chromium (VI) compounds will, if inhaled, irritate the mucous 
membranes of the oesophagus and lungs. The main areas in which one might be 
exposed to a fine spray are in factories where there are large tanks for coating big 
metal panels (causing possible air borne splashes/sprays). The resulting irritation to 
the mucous membranes would lead to inflammation of the nasal mucous membranes 
for several days. It is also possible that other symptoms may be encountered during 
this time, such as headaches; chest pains; dyspnoea (wheezing on exertion); and an 
increase in body temperature. The increase in body temperature is the bodies natural 
defences, try to attack any invader into the body by raising the temperature from 37°C. 
A study carried out on volunteers to identify exposure found that 5- 12 µg /m' of 
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Cr03 caused brief irritation to the nostrils and upper respiratory tract and that the 
threshold limit of 1 µg / m' would cause irritation. 
2.5.1.4 Ingestion 
On accidental ingestion of a chromate compound, the affects are nausea, vomiting and 
abdominal pain within minutes of ingestion. The symptoms will more than likely last 
for several hours and during the hours after ingestion, diarrhoea usually occurs, being 
in liquid form and may be blood stained, indicating that there is bleeding in the 
gastro-intestinal tract. With the onset of diarrhoea dehydration will occur, on 
administration of water, further irritation to the stomach and some vomiting may 
occur. In the cases of high levels of chromium (VI) compounds having been ingested, 
then death may occur due to the fact there may be decreased levels of clotting factors 
present in the body and therefore the clotting times increase dramatically, leading to 
death by profuse bleeding. These symptoms occur on ingestion of between 0.2 - 8g of 
a Cr (VI) compound. It should be noted that although the symptoms cease after 12 
hours or so in subjects effected, those that survived the above effects, showed some 
hepatic damage and liver tenderness on examination after 24 hours. Subjects who 
have been exposed and then examined a few days after ingestion of the Cr (VI) 
compound, using an endoscope capable of tissue biopsy, exhibited chemical burns to 
the lower oesophagus, duodenum and stomach, and some small necrosis of the lower 
intestine and colon. There were also effects to both the liver and the kidneys. 
2.5.1.5 Skin effects(41)(43) 
People who experience sensitisation of the skin may have a greater ability to have 
their skin penetrated by the Cr (VI) which is then converted to Cr (III) which causes 
the increased sensitivity. However, Cr (III) compounds, when applied to the skin, 
show very little sign of producing skin sensitisation. This is due to the inability of the 
Cr (III) to penetrate the skin and because of this reason, treatments for skin 
sensitisation have emerged on the basis of reducing Cr (VI) to Cr (III) before it can 
penetrate the skin. The treatment involves regular washing of the skin with a reducing 
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agent such as sodium hydrogen sulphite, sodium meta-bisulphate, ascorbic acid, 
glutothicone or crystenium. This treatment is especially aimed at those using Cr (VI) 
compounds in industry and has proved to be highly effective. It should be noted that 
no skin sensitisation had been observed from any compounds containing Cr in 
different oxidation states. 
2.5.1.6 Respiratory effects(42) 
Most of this area has been covered in section 2.5.1.3, but it should be noted that since 
the mid 19th century, it has been suggested that Cr (VI) caused asthma, especially if 
an individual was exposed to a fine spray or mist in an electro-plating plant. As well 
as asthma, short-term effects were noted as being airway constriction, nose and eye 
watering and coughing. A way to prevent this has been suggested using filter masks 
worn all the time coated in a reducing agent, such as ascorbic acid, which will reduce 
Cr (VI) to Cr (III) rendering it harmless. Other methods are air extraction above the 
tanks and foam suppressants to reduce spray. 
2.5.1.7 Effects of Cr (VI) compounds on the respiratory system(42) 
Chromium (VI) compounds, such as sodium and potassium dichromate or Cr03, 
damage the respiratory tract. On inhalation of the Cr (VI) mists to the respiratory tract 
the most noted effects are ulceration and perforation of the nasal septum in the upper 
part of the tract. Continued exposure will eventually lead to corrosion of the septum 
mucous which will eventually turn to an ulcer, which will take time to heal. If 
exposure is constant the corrosive action of Cr (VI) will eventually lead to 
deterioration of the cartilaginous portion of the septum. The body will then react to 
repair the damage and hard crusts appear around the ulcers and if removed profuse 
bleeding will occur. Exposure limits for this to occur are approximately 0.05 mg Cr / 
ni3 or greater and ulceration 0.1 mg / m3 or greater. 
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2.5.1.8 Effects on the gastrointestinal tract(42) 
The Health and Safety Executive Review, described the many effects that have been 
observed by the medical profession on the gastrointestinal tract by Cr (VI) effects 
such as ulceration and inflammation of the soft palate, epiglottis, tongue and tonsils. 
All these symptoms were seen in workers involved in the use of soluble Cr (VI) 
compounds. It was also commented that in people involved in the production of 
chromate chemicals produced symptoms such as yellow-brown staining of the teeth 
and tongue. 
The effects of the Cr (VI) compounds on the gastrointestinal tract were found to be 
the following: inflammation of the oesophagus, duodenum and stomach, eventually 
leading to gastric and duodenal ulcers, other effects were rapid weight loss leading to 
anorexia vomiting. 
2.5.2 Toxicology of vanadium and its compounds 
Having discovered that sodium orthovanadate produces a conversion coating. The 
next task is to assess whether it is a less toxic substance to use than chromates (Cr"). 
An extensive search through the published literature showed that very little research 
has been reported in the area of vanadate toxicity and the majority of trials were 
carried out on human subjects and were tested in the 1950's and 60's. After which 
clinical trials on human subjects were very much reduced to tests running through 
many complex protocols which all but ruled out the use of human test unless their was 
a biological effect which was beneficial to curing certain illnesses. Even then 
permission had to be obtained from the department of health to run clinical trial and in 
all cases under no circumstances were humans to be subjected to chemicals just to see 
their side effects. So any further tests using vanadium compounds were carried out 
using animals, such as mice and rats. These experiments, it must be noted, however 
useful, only gives an indication of what the effects one might expect on the human 
body. The experiments are probably more useful in respect to human biochemistry 
rather than outward diagnostic effects. From the literature it is evident that vanadium 
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and its compounds effect mainly the organs of digestion, the liver, kidneys and 
gastrointestinal tract, along with the lungs. 
2.5.2.1 The liver 
Browning (44) stated that Bertrand (45) in his research found that the liver retained a high 
amount of vanadium, however, it was then stated that over a period of 24 hours all the 
vanadium would be eliminated. A more in-depth investigation into the effect on the 
liver was carried out by Faulkner Hudson (46 who noticed that the liver was congested 
with a fatty degeneration. This was especially evident if the patient had been exposed 
to vanadium pentoxide (V, 05). However, it was not stated whether the fatty 
degeneration disappeared over time. But even after exposure to this compound, the 
effect on the liver seemed to be minimal and any vanadium stored in the liver would 
normally have been excreted within 24 - 48 hours. 
2.5.2.2 The kidneys 
Again like the liver, the kidneys retain a high level of vanadium when a person is 
exposed to one of its compounds. However, the kidneys are fairly effective at 
eliminating vanadium from their structure being usually eliminated in the urine. Only 
one other researcher reported a different effect and this was Dutton(`") who found 
blood and casts (microscopic tubules in the kidney passed in the urine form). 
However, the pressure of casts may indicate glomerulonephritis (an immunlogical 
renal problem). So this may not be caused by exposure to the vanadium compound. 
2.5.2.3 Gastrointestinal tract 
In research described by Thomas and Stiebris"8) some of the patients exposed to 
vanadium compounds complained of abdominal pain, feelings of nausea and 
vomiting, however, Symanski(49) in earlier research found no evidence of a disturbance 
to the gastro-intestinal tract. This evidence points toward the fact that certain people 
may be more sensitive to exposure to vanadium compounds than others, and the rate 
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of excretion of vanadium may play a part in this, i. e. the faster it is removed the less 
effect on the body. 
2.5.2.4 The lungs 
A main route by which vanadium and its compounds can enter the body is by 
inhalation. Both vanadates and vanadium pentoxide produce a very fine powder if 
crushed. Vanadium pentoxide is especially problematic, as in industry it is produced 
as a by-product of burning oil and coal. The vanadium pentoxide is therefore 
deposited on chimney walls and on the insides of burners for boilers. The problem 
arises when the inside of the chimney has to be cleaned. The effect of vanadium 
pentoxide on the body was first noticed in operatives who cleaned these chimneys and 
boilers. This exposure has been extensively studied and the main effects are quite 
distinctive. Patty(50) states that 10 employees from a power station were exposed to 
vanadium containing dusts, mainly vanadium pentoxide. Most employees described 
an irritation of the upper airway, followed by the appearance of a green colouration on 
the tongue. In some cases if the exposure is heavy or the subject is highly sensitive to 
the particles asthma, tiredness and bouts of dyspnea (increased wheezing on exertion) 
may develop. These are tenned the chronic effects of the vanadium pentoxide, and 
one can assume that these will occur to a lesser extent with the vanadates as it is the 
V5+ ion that causes these effects. Patty(51) also states that in a survey of 76 workers 
exposed to vanadium compounds, all of whom had chest X-rays, 58 showed 
interstitial pulmonary fibrosis and an increase in lung markings which one would 
expect to see as black or dark regions in the chest X-ray. Browning (52) stated that 
work carried out by Browne') into gas turbine cleaners, indicated that the workers 
suffered from a soreness of throat and chest, one and a half hours after exposure, and 
after 6- 24 hours a dry cough and wheezing, as well as dypsnea was noticed. These 
observations are similar to that described above by Patty (54). However, Faulkner 
Hudson (55) was able to research in greater depth the effects of inhalation of vanadium 
pentoxide. Although he carried out most of his research on cats and rabbits, he found 
similar effects to those described above. He also reported that Sjöberg(SG), using rabbits 
as subjects, found that exposure to high levels of very fine vanadium pentoxide dust 
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approximately 10µm in size, was extremely hazardous, with lethal exposure occurring 
at approximately 205mg V205/m3 for 7 hours. The resulting autopsy showed that the 
tracheas of the rabbits were very marked and that there was bronchopneumonia with 
pulmonary oedema (which is abnormal swelling of the tissues due to agglomeration of 
liquid). Faulkner Hudson (57) also describes long term experiments that were carried 
out on rabbits. By exposing them to a much lower concentration of vanadium 
pentoxide, a dosage of around 20 - 40 mg V-205 /M3 for 1 hour a day with an exposure 
time of several months, it was found that the main damage was to the respiratory tract. 
However, no lesions were noticed in the lungs, which is slightly different to that 
observed and reported by the other researchers above. 
2.5.2.5 Other symptoms caused by exposure to vanadium compounds 
Browning (58 noticed that other researchers such as Sjöberg(56 had seen other effects 
caused by exposure to vanadium compounds. These included: Skin and Conjunctival 
Irritation: - contact with vanadium pentoxide in either acid solution or fine dust could 
lead to some eczematous lesions in people with highly sensitive skin. In 3 cases that 
were studied, the patients were allergic to sodium orthovanadate and if the itching and 
the reaction on the skin continued for a period of time generalised urticaria (a 
rash/burn on the skin) was observed by Stiebris(48). They also remarked that sulphur 
compounds relieved further effects. 
Cardiac Symptoms: - Wyers(59noted that palpitation on exertion was observed on 
exposure to vanadium compounds and it was noted that the palpitations might be due 
to exposure to vanadium pentoxide dust. Sjöberg(S ) found that in a couple of cases, 
extra-systole (Systole - recurrent contraction of the heart while blood circulation is 
kept up) had been observed. It was stated that pathological changes in the heart that 
were observed may have been caused by the presence of vanadium in the body, 
presumably the blood stream as the main transport route. 
Nervous Disorder - Wyers(59) stated that workers who were exposed to vanadium 
pentoxide in dust form over an extended time may develop a fine tremor of the fingers 
and it also may effect the arms. 
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2.5.2.6 Discolouration of the tongue 
As noted in section 2.5.4. A green discolouration of the tongue is indicative of 
substantial exposure to vanadium pentoxide. Wyers(59) considered the green 
colouration of the tongue to be due to the reduction of the pentoxide to the trioxide 
(V5+ )V3'), the reduction may be due to the action of ptyalin and bacteria in the 
mouth. The green colouration of the tongue cannot be removed by scraping or by any 
other means. It is also considered that the green tongue is evidence of exposure to 
vanadium compounds rather than intoxication. 
2.5.2.7 Toxicity and levels of exposure 
In the above analysis of the effects of vanadium compounds, very low levels of 
exposure have been stated, as it is probably best to present the findings of the relevant 
authors as a comparison here. Faulkner Hudson (60) provides data for the exposure of 
rabbit, guinea pig, rat, and mouse to numerous vanadium compounds. The data 
shown in table 2.6 is for rats and mice as these are the most referenced with regard to 
toxicity in man. 
Lethal Dose mg V205 / Kg 
Rat Mouse 
Sodium Orthovanadate 50 - 60 50 - 100 
Sodium Pyrovandate 40 - 50 50 - 100 
Sodium Tetravanadate 30 - 40 25 - 50 
Sodium Hexavanadate 40 - 50 100- 150 
Table 2.6 
The lethal dosage of V205 applied to rat and mouse administered orally after Patty(54) 
The problem that arises in analysing the above data is that mice and rats have a very 
different metabolism to humans. as well as smaller organs to cope with the invading 
toxins. So for example the average human weighing 120 kg, according to the sodium 
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orthovanadate lethal doses for the mouse, a lethal dose for a 120 kg human would be 
6000 - 12000 mg, so this must be used only as a guide. 
2.5.2.8 Excretion of vanadium from the body 
No matter by which route a vanadium compound enters the body many authors 
including Kent and McCance(b') have monitored the way in which the vanadium is 
excreted, they also state that vanadium was taken in `drug' form, i. e. using a 
compound such as vanadium pentoxide as a test compound. 
In one experiment Kent and McCance(61 exposed patients to 12.5 mg of vanadium 
pentoxide, (taken by mouth) daily for 12 days, a total of 150 mg being administered. 
They then took all samples of urine and faeces over the 12 days, and they analysed 
these samples for the vanadium content. The results showed that 87.6% of the 
vanadium was removed in the faeces, equivalent to 131.4 mg of vanadium compound; 
and 12.4% of vanadium was removed in the urine equivalent to 18.6 mg. This 
therefore showed that all of the vanadium was excreted from the body. Their work 
went on to state that the main eliminating organs were the kidneys although one thing 
that was stated, was that they did not know how much vanadium was absorbed by the 
body and how much was de-sorbed as their measurements were cumulative. 
2.6 Medicinal benefits of vanadium compounds 
We have seen previously that with high levels of vanadium compounds, toxic effects 
are promoted such as green tongue. However, vanadium compounds can have some 
medicinal benefits. Two areas in which vanadium compounds have shown some 
medicinal activity is in the treatment of diabetes and in the reduction of cancerous 
tumours, Both conditions seem to respond to low levels of vanadium compounds 
usually in the nM (nano molar) concentration. 
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2.6.1 Treatment of diabetes (62) 
Diabetes affects hundreds of thousands of people worldwide and is in many cases a 
life threatening condition. This is because the condition diabetes is characterised by a 
lack of insulin or insulin resistance, because of the lack of insulin the human body is 
therefore inhibited in the uptake of glucose into surrounding tissues and skeletal 
muscles. This then causes the body to be deprived of energy and the ability of cells to 
respire; this then leads to a dangerous situation eventually leading to death if not 
treated. Conventional treatments dictate that insulin is directly injected into the body 
when a diabetic feels the first signs of glucose deficiency coming on. However, in 
1979 it was first reported by Tolman(") that vanadium in the form of vanadate (usually 
orthovanadate) showed an insulin-type effect, it was then shown that vanadate 
stimulated glucose uptake and oxidation in rats. It was then subsequently found that 
vanadate increase glycolysis (the burning of glucose in the cells to produce energy). 
The concentration of sodium orthovanadate that was shown to cause this activation 
was ling of Na3VO4. It was also found that other glucose reducing reactions were 
increased as well, along with lipid (fat) metabolic pathways. 
2.6.2 Treatment of cancer(64 
A cancerous tumour is defined as (65) `any type of malignant growth caused by 
cancerous tissue growing in an uncontrolled manner, spreading throughout the body 
and destroying any normal cells in its path'. Certain vanadium compounds have 
shown activity in retarding cancerous growth and/or stopping it. One compound that 
has shown some form of anti-tumour activity is biscyclopentadienyldichloro -V (IV), 
whose formula is (C6HS)2VC12 this compound had been shown to be both water 
soluble and also soluble in certain organics. Therefore lipid soluble, because of its 
solubility to both water and organic solvents such as fats it is able to be transported 
anywhere in the body where a tumour may exist. (C6H5)2VCI, has been shown to be 
effective against embryonic cancers in foetuses, it also showed some activity against 
certain leukaemias and some skin cancers. As with all treatments the (C61-IS)2VCI2 was 
used in doses of minute quantities (µg/ml). The only drawback with the treatment 
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was that the compound seemed to damage liver cells and also inhibit nucleic acid 
synthesis (e. g. DNA). This was however, due to an accumulation of vanadium in the 
kidneys, but one positive side was the fact that no vanadium was able to cross an 
intact blood-brain barrier, and vanadium was therefore not detected in the brain. 
2.7 Chemistry of vanadium 
Vanadium, like most other metals considered as the basis of non-chromate conversion 
coatings, is a transition metal. Vanadium appears in the first row of transition metals 
appearing between titanium and chromium. Vanadium is found in petroleum 
especially that originating from Venezuela. Vanadium also occurs in the mineral form 
as vanadinite [Pb5(VO4); Cl] and carnotile [K(U02)VO4 '3/2 H, O]. Vanadium's 
abundance in nature is approximately 0.02% of the earth's crust and the majority of it 
is extracted from vanadinite, or from the flue dust, from the combustion of petroleum 
products which contain high levels of V, O5 (Vanadium pentoxide). V, 05 is the main 
starting point for most vanadium compounds and reactions, it is highly catalytic and is 
used in many processes to aid the formation of many important chemicals. 
2.7.1 Oxidation states 
Vanadium like most transition metals has more than one oxidation state. There are 
seven different oxidation states, ranging from +5 to -1. However, in the 0 and -1 
oxidation states vanadium will only react with organic molecules, principally ring 
structures containing high electron densities, so for the purposes of this thesis only 
oxidation states of +5 to 0 will be considered here. 
2.7.2 Pentavalent oxidation state (+5)(66) 
The +5 oxidation state of vanadium is the most commonly encountered; vanadium 
pentoxide is the most well known and versatile vanadium compound containing it in 
this oxidation state. Most other (+5) vanadium compounds can be produced from it. 
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V, 05 is produced commercially by heating ammonium metavanadate, the reaction 
proceeds according to the following equation: 
2NH4VO3 -heat s V, O5 + 2NH3 + HO (2.22) 
The resultant V, 05 that is produced can then be heated to 65°C and on cooling, will 
solidify to orange, rhombic needle like crystals. Vanadium pentoxide has a slight but 
low solubility in water (approximately 0.007g/1) giving a pale yellow acidic solution. 
Although V, 05 is regarded as acidic and hence is highly soluble in basic solutions 
such as NaOH and KOH. V, 05 has an increased solubility in strong acidic solutions, 
such as, HNO3 and H; P04. Acids such as H2SO4 and HCl will also react with V205. 
With dilute HC1, chlorine will be evolved as the V205 is regarded as a moderately 
strong oxidising agent. 
The principal compound that will be encountered in the thesis experimental phase will 
be sodium orthovanadate (Na3VO4). From a commercial supplier Na3VO4 is quite 
expensive to buy, however, it can be produced in solution by reacting sodium 
hydroxide with vanadium pentoxide according to the following equation (67 : 
6NaOH + V205 > 2Na3VO, 1 + 3H20 (2.23) 
As will be discussed later in this chapter, once in solution the +5 vanadium ion is very 
active and at different pH's will undergo a change in species, e. g. polymerisation. 
2.7.3 Vanadium ion in the + IV oxidation state(6"x69) 
The compound V02, is a dark blue oxide and is obtained by mild reduction of V2055 
by such methods as fusing V205 with oxalic acid or reduction with C or CO; the 
resulting V02 is amphoteric and is readily soluble in non-complex acids. VO, is a 
very dark blue oxide and when a reaction with a non-complexing acid has occurred 
the resulting hydrated ion, usually of the form [VO( H2O )5]2f, is formed, this ion is 
blue in solution also. If the [VO( HO )5]'-+ then has a strong base added to it, the 
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resulting compound formed is a grey hydrous oxide, VO,. nH, O. This dissolves 
further when the pH reaches 4 to give a brown solution from which a brown - black 
salt is formed, mainly composed of Na12V 18042.24H, O, this contains an ion V 180422 . 
This ion is highly unstable in dilute solutions and will break down to unidentified 
monomeric species (70). 
2.7.4 Vanadium ion in the + III oxidation state (71)(72) 
If V205 is reduced by hydrogen or carbon monoxide in the correct stoichiometric 
ratio, an oxide of vanadium can be produced with vanadium in the +3 oxidation state. 
This compound is a black refractory substance having the formula V201; it will 
dissolve in acids due to its basicity to give a solution of the V3+ aqua ion or one of its 
complexes. If hydroxide is added to these solutions, the resulting change in pH will 
give the hydrous oxide, which can then be easily oxidised in air. 
It is also possible to produce the blue aqua ion(") [V(H, O)6]3F by electrolytic or 
chemical reduction of V4+ or V5+, again these solutions of V" are subject to 
atmospheric oxidation. 
The V3 ion has the electronic structure configuration of the d2 ion and is octahedrally 
co-ordinated. Its octahedral complex occurs in many ions(71) such as V(H2O)6'', VF63 
and V3+, which has been substituted into a-A1,03. This may be of interest with respect 
to any vanadate coatings which contain V3+ deposited on top of 2014A -T6 Al alloy 
especially if a thick oxide film builds up after treatment. 
2.7.5 Vanadium ion in the +2 oxidation state (73)(74) 
Vanadium oxide (VO) is a solid, however, there is a slight discrepancy in the colour 
of the oxide. Cotton and Wilkinson (74 state that the oxide is black. However, Clark(75) 
states that the oxide is formed as a grey metallic powder further information in the 
literature is scarce and so one must be aware of this discrepancy. Both Clark('), and 
Cotton and Wilkinson (7') have stated that the oxide, VO, has a tendency to non- 
stoichiometry with the formula ranging from VO0.75 to VO, , 
(73). The oxide is 
produced from reduction of the higher oxides by sodium borohydride or zinc. Both 
authors (73X75) state that the oxide VO and its non-stoichiometric deviates exhibit a 
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metallic lustre and are electrical conductors. This is probably due to the considerable 
bonding of the V-V, which would be similar to that in the pure metal. When the 
oxide is dissolved in mineral acid the resulting solution will give the V2 ion in 
solution, this is because the oxide is basic. If an acidic solution of any of the 
following oxidation states, V5', V4', V3+ is reduced using zinc or electrolysis, the 
resulting species produced contains a violet air sensitive species('`" containing 
[V(H, O)6]2+. This species is kinetically inert because it adopts the d; configuration(") 
and any substitution reactions that may occur are relatively slow. Halide complexes 
are very weak if they form, any reaction that takes place will involve substituting for a 
water molecule. 
2.7.6 Effect of pH on solutions of V5+ ions 
As we have seen, if sodium hydroxide or any group 1 metal hydroxide is added to 
V205 in solution, the V205 will readily dissolve to give a colourless solution of 
sodium orthovanadate giving a pH, according to Clark( , of > 12.6. However, in 
experimental work stated by Clark it is found that the solution has a pH of 11 - 12. 
Clark") continues to discuss the work carried out by Jandar and Jahr" 8 who 
discovered that "the behaviour of vanadium (V) in solution as a function of acidity 
was provided by the diffusion rate". He (77) also states that "their work indicated that 
vanadium diffuses through aqueous solutions at varying rates over different pH 
ranges, but at a fairly constant rate within certain ranges". Having ascertained this 
they then postulated that it was possible to relate the diffusion rate to the molecular 
weight, Jandar and Jahr (78) then suggested formulae for five different ionic species 
each stable over a given pH range. These were classified(") as "orthovanadate V043 
(colourless pH > 12.6), pyrovanadate V2O7 (colourless, pH 9.6 - 12.6), metavanadate 
(V03-)n (colourless, pH 6.5 - 9.6), polyvanadate (orange pH 2.0 - 6.5) and 
dioxovanadium (V) VO2 + (yellow pH < 0.8) ions". A discussion on the nature of each 
individual species will now take place. 
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Figure 2.4 E-pH diagram of vanadium species in solution from Pourbaix(83) 
2.7.7 Orthovanadate species (pH range) > 12.6(77) 
As it has been seen V2O5 dissolved in an alkaline solution will form V043 ions, from 
the literature the V043" ion is a discrete ion in its pH range > 12.6. It has a stable 
chemistry compared to the other pH's in which the vanadium species undergo 
different mechanisms, e. g. polymerisation. 
2.7.8 Pyrovanadate species pH 12.6 - 9.6(") 
The recognised formula for the vanadium species in solution for this pH is V2074- and 
is terminal pyrovanadate according to Copley et al(79ý. The pyrovanadate species is 
regarded as a dimer molecule except at very dilute solutions. From the information 
provided in the paper by Tracey and Jaswal et allS' the formation of V2074, can be 
inferred / assumed to be the following: 
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V043 + H+ HVO4Z- (2.24) 
4HVO42 +2H+ > 2H, V2O7 + 20H- (2.25) 
These reactions occur in the pH region of 9.6 - 12.6. It must be assumed that the 
species HV042 is extremely short-lived and it seems if it tends to dimerise to H2V207 
or V7072 . At this pH 
9.6-12.6, Clark(" states that Griffith et al(82 carried out Raman 
spectroscopy and they concluded that, within the following pH ranges the following 
species of pyrovanadate exists, 11.6 - 14 HV042- and V, 072. Again it is clear that 
there is a discrepancy in the existence of certain species at particular pH's in that there 
seems to be an overlap in pH ranges at which certain types of species exist. Thereby 
causing confusion as to at what pH the transition from one species to another occurs. 
Clark(81) also states that Griffith (82) found that the species HV7073 exists at pI-I 9.5 - 
11.6. These results are also confirmed to a certain extent by Tracey et aI(80) who 
carried out 51V NMR on solutions containing the pyrovanadate ions. 
2.7.9 Metavanadate pH 9.6 - 6.5 
The metavanadate ion V03 , as stated 
by Clark"", exists in the pH range of 6.5 - 9.6, 
but again there is conflicting information, in relation to Raman spectroscopy carried 
out by Griffith(". Their experimentation gave the result that the V03- ion existed in 
the pH range 8-9.5 this again is conflicting with the previous statement given by 
Clark who was using the information quoted by Jandar and Jahr(78 . The latter carried 
out their experimentation in 1933 whereas Griffith et a1(82 carried out their work in 
1966. First instincts tend to indicate that Griffith et al(82 , with more up to 
date 
equipment and techniques, will have carried out the experiments to a greater accuracy. 
Pourbaix's(x; ) E-pH diagram fails to mention any existence of the V03- ion leaving the 
pH region in which the V03- exists unconfirmed. However, there seems to be a 
general consensus that the V03- ion exists as a tetrahedral molecule and if hydrated to 
NaVO3. H, O it becomes a triagonal bipyramidal structure. 
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2.7.10 Polyvanadate pH 6.5 - 2.0 
At 2< pH < 6.5 the vanadium ion exhibits interesting properties. Firstly, unlike the 
previous ions in solution which are colourless, the polyvanadate solution is orange in 
colour, indicating the solution's ability to absorb lights of certain wavelengths 
indicating that molecules have some form of electron excitation which will reflect 
light in the orange region. He states that the orange colour starts just after pH 6.5 is 
reached and that this is associated with the condensation reaction that the vanadate ion 
undergoes at this pH. Evans also states that as the solution becomes more acidic the 
vanadate ion will polymerise causing an increase in the molecular weight of the ion 
formed. Evans (84 also discusses the results obtained by Jandar and Jahr('8) in relation 
to the diffusion of vanadium through the solution at different pH's and states again 
that within certain pH ranges, the diffusion rate is fairly steady. Evans(84) also states 
that Jandar and Jahr(78) proposed a formula for the species that exist in the solution at 
pH 2 to 6.5. This species being formulated as V, 0167-, but Evans states that the 
method used to identify the specimen by molecular weight determination from the 
diffusion rates was highly unreliable and also states that the structure at the point in 
time (1966) was difficult to identify. Evans described, in an earlier letter he had 
written to the Journal of the Chemical Society(85 , the complex as being V 10028`' , 
identified as having ten vanadium atoms which as he states, as being visualised "as 
forming two octahedra which share one horizontal edge. Each of these vanadium 
atoms in turn is surrounded octahedrally by six atoms of oxygen. Of the resulting ten 
V06 octahedra, six are condensed into a2x3 rectangle by sharing horizontal 0-0 
edges, and two are inserted symmetrically above and two below the rectangle and 
share sloping 0-0 edges with octahedra of a rectangular array. " Evans(85) also states 
that there are two naturally occurring minerals that contain the V 100,86 ion, these are 
pascoite (Ca3V 10028.16H20) and hummerite (K2MgV 10028.16H20). 
The structure of the V, 0O28 
6 was confirmed by Numann and Hallada(86 using salt 
cryoscopy, which involves using Na2SO4.10H7O and measuring the transition 
temperature for the following reaction: 
2Na, S04. I OH, O(, 
o,; C, ) <> Na, SO4(solid) + Na2SO., . 20H20 (s;,,,, ratcd solid (2.26) 
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This transition occurs at the exact temperature of 32.384°C (using an ultra accurate 
melting point apparatus) and this temperature is lowered by the present of foreign ions 
such as V, OO286- and this method was used to determine the structure of V100,86 . 
It is general consensus that the following equations represent the reactions of the 
vanadium ion V 100286 once formed when further acid is added: 
5V40124 + 8H') 2V, 00,, 8 
6- + 4H2O 
V100,86 + H+ > HVio0, g5- 
HV, oO, 85- + H+ > H, V, 0O, 8; " 
H, V 100284- + 14H+ )l OVO, + + 8H, O 
The VO2+ ion exists at very low pH and will be discussed in the next section. 
2.7.11 Pervanadyl ion VO2+ pH <0.8(84) 
(2.27) 
(2.29) 
(2.30) 
(2.31) 
When a solution of V100286" is strongly acidified the structure of the V, OO, 86" becomes 
unstable and breaks down so the vanadium ions exist as VO2 + ions in solution. This is 
because at pH 2.0 the isoelectric point(87 is reached and a brown precipitate is formed 
briefly of V205. nH, O (vanadium pentoxide hydrate). This then re-dissolves on further 
acidification to give the vanadyl (V) (pervanadyl) ion state as V02+, this solution is 
usually yellow and fairly stable. 
2.8 Non-chromate conversion coatings 
Since the use of chromate is being phased out due to legislation, the research into 
effective replacement for chromates has become a rapidly expanding topic. The aim 
being to find a chromate replacement which is non toxic but has similar corrosion 
resistance to that provided by chromates. 
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2.8.1 Molybdate treatments 
Molybdate type treatments have been investigated on a wide variety of metals to 
improve their corrosion resistance, molybdates were first found to be very effective in 
solution as corrosion inhibitors for iron and so there was a subsequent progression to 
produce and investigate molybdate conversion coatings. 
2.8.1.1 Molybdate treatments on aluminium 
Shaw and Davis (94) carried out research into the possibility of coating aluminium from 
a molybdate solution, with a view to enhancing the oxide film and incorporating the 
molybdate ion. The experimental method that they used also involved 
potentiostatically polarising the aluminium sample anodically 300 mV, more than the 
OCP (about -500 mV verses SCE) for two hours in 0.1M Na2MoO4 purged with N2. 
The resulting coating was immersed in de-aerated 1000ppm KCI. Shaw and Davis (94 
then polarised the sample at 0.2mV/s until the breakdown potential of the coating was 
reached. They also studied the surface composition using AES. Their results showed 
that both Mo4+ and Mo6+ were incorporated into the 3D aluminium passive film using 
anodic treatment and that the passive film formed, was significantly more resistant to 
pitting than an uncoated sample of aluminium. 
Moshier and Davis(95) carried out further investigations into the effect of molybdate 
on the passive film on Al. They discussed in their introduction that in a paper by 
Augustynski(96 the suggestion was made that the inhibiting nature of the molybdate 
ion may be due to the reduction of Mo6+ to Mo4+ during film formation. It was also 
stated that the reduction of molybdate anions could provide additional oxygen atoms 
that would interfere with the ability of the chloride anion to reach the metal / film 
interface. This was possibly achieved by blocking sites through which aggressive 
anions penetrate the film. Moshier and Davis experimental work involved taking pure 
aluminium (99.999%) and immersing it in a 0.05M Na2SO4 solution containing 
various concentrations of Na, Mo04 ranging from 0.1 ppm to 15,700ppm (0. IM 
Na2MoO4). To certain solutions 1000ppm of Cl" was added as NaCl and the potential 
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of Al was measured and the sample scanned anodically 0.2mV/S from OCP. Their 
results showed that at low molybdate concentration (<100ppm) the OCP of the Al 
became more noble rising from -900mV Vs SCE at O. lppm to -505mV Vs SCE at 
100ppm. AES analysis showed that if the coating solution contained concentrations 
of molybdates below 100ppm the mixed oxide film that formed on the aluminium 
surface contained mainly MoO2 and < 10% MoO3. At higher concentration, e. g. 
>100ppm the majority of the mixed oxide film was MoO3 and some MoO, in both 
cases Ala and A1° were also noted. 
2.8.2 Passivation coatings based on cerium 
Early experiments into the use of cerium-based compounds were carried out by 
Hinton and Wilsod9R) for the corrosion protection on zinc. They used 1000 ppm of 
CeC13-7H20 as an inhibitor added to a solution of 0.1 M NaCl and their results showed 
that the corrosion rate of the zinc decreased by a factor of 10. The conclusion that 
they drew from this was that the cerium in the form of Ce4+ ions was precipitating at 
flaws in the oxide, such as grain boundaries, impurities and in the natural oxide film. 
2.8.2.1 Cerium based treatments on aluminium and its alloys 
Mansfeld et al(" further developed the process created by Hinton and Wilson("). 
They investigated coatings using CeC13 7H, O to produce an effective corrosion 
resistant barrier coating for aluminium and its alloys, especially those in use for 
aircraft structures. Mansfeld et al(99) sought to use CeC13.7H, O in a process that may, 
as they state "inhibit crevice corrosion, stress corrosion cracking and corrosion fatigue 
in solutions containing chloride ions". The advantages they state are that cerium 
compounds are regarded as non-toxic to humans and the environment. 
The initial process Mansfeld and co-workers undertook, was developed in the mid 
1980's. By the early 1990's their initial process involved three steps (167 , 
firstly 
degreasing and alkaline cleaning the aluminium specimens, followed by a IINO3- 
chromate de-oxidiser bath; (which is a strange second stage to have, as the main idea 
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of cerium treatments is to replace chromates in the treatment process). The test piece, 
(either Al 7075 T6 or T3 or Al 6061 T6) was immersed in a solution containing 1000 
ppm CeC13-7H, O for a week. After drying, the samples were rinsed and immersed in a 
solution of 0.5N NaCl. The results they obtained showed that the Al alloys exhibited 
no pitting in the chloride solution for about three weeks. They also reported that 
these results were similar to those from samples treated in commercial chromate 
solutions. Within two years Mansfeld et al(99) had developed this process further and 
the modifications they described in their papers(99 resulted in the process called 
`Stainless Aluminium'. This process involves firstly immersing the aluminium or 
aluminium alloys in hot 10mM Ce(N03)3 for two hours, followed by immersion into 
de-aerated 0.1 M Na2MoO4 and raising the potential into the passive region (+500 mV 
Vs SCE for two hours). The results showed that no pitting was seen for sixty days in 
0.5N NaCl, when coated via this method compared to pitting on an uncoated sample 
after twenty-four hours. The reason for the exceptional corrosion resistance of cerium 
based coatings was investigated by Davenport et al(100) and they concluded that the 
superior protection was afforded because cerium compounds are considerably less 
soluble at high pH. So the cerium oxide / hydroxide creates a barrier to the oxygen 
reduction reaction stifling the cathodic reaction leading to a reduction in the 
corresponding anodic reaction. Therefore a reduction in the corrosion rate and 
potential was observed. X-ray absorption studies that Mansfield et al 99) carried out to 
find out how the cerium protects the surface showed that the oxide film formed on the 
aluminium contained cerium mainly in the +3 oxidation state, with some trace 
amounts of cerium in the +4 oxidation state. Both are able to react further with the 
oxide film on the surface of the aluminium making the film non-conductive. 
Davenport et al(100) used XANES, (X-ray Absorption Near Edge Structure) to study 
cerium coatings. They were able to determine that an increase in pH of an aerated 
solution containing cerium in the +3 oxidation state will convert it to the +4 state. 
Then the ion in the +4 state can be electrochemically reduced on the surface of an 
electrode, e. g. aluminium or an aluminium alloy to give a film containing trivalent 
cerium. They also confirmed their previous work stating that at alkaline pH, a 
galvanostatically reduced species of cerium would give rise to a coating of 
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predominantly +3. On exposure to a solution of NaCl some of the +3 is converted to 
the +4 oxidation state giving an electronically insulating film reducing corrosion. 
2.8.3 Tungstate passivation based coatings 
As early as 1951 Robertson0101j noted that tungstates can be used as a chromate 
replacement. In a paper by Mikhailovskii and Berdzenishvili(1°4) they exclusively 
looked at the effect of oxy-anions of tungsten and other group VI anions on 
aluminium in chloride/ fluoride solutions, their paper failed to state any firm 
conclusions. However, they did state that `formation of foreign oxide or hydroxide 
layers (conversion coatings) on the surface of the corroding metal in the process of the 
reduction of oxy-anions is strictly represented by the stiochiometric equations of the 
configuration electrochemical reactions'. This means that as the aluminium corrodes 
the tungstate or other Group VI anion forms insoluble oxide/hydroxide layers on the 
surface, preventing further corrosion. In a review by Cohen""), he elaborated on the 
above statement saying " oxy-anions similar to Cr042 (e. g. WO42 -) will only form 
perfect protective layers when the oxide or hydroxide, which is formed in the only 
product of reduction. This statement is quite similar to that of Mikhailovskii(1° . 
More recently papers have been published where organic tungstates have been used. 
Garrett et al(1°6 used the following: ammonium tetrathiotungstate, 
tetramethylammonium tetrathiotungstate and methyltriphenyl phosphonium 
tetrathiotungstate. They investigated these types of possible inhibitors with respect to 
the possible reduction in corrosion of aluminium-copper alloys. Experimentally they 
used varying concentrations of sodium chloride ranging from I mmol I` to 600inmol 1- 
', the concentrations of thiotungstates ranged from 0.20mmol 1-' - 2. Ommol 1-'. Their 
results showed that the minimum concentration levels of tetrathiotungstates 
compounds that were used were very low in comparison with inhibitor concentrations 
employed in many industrial applications but they remained higher than those for 
chromates. Overall these results showed that all the tungstates gave inhibitor 
efficiencies of up to 99% in the ranges of NaCl concentrations previously stated. 
They also showed that the results obtained from electrochemical measurements 
conducted in the 600mmol 1-' NaCl were consistent with an inhibition mechanism 
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involving the adsorption or precipitation of the tetrathiotungstate species at cathodic 
sites 
2.8.4 Permanganate based treatments on aluminium 
Bibber(1°7) has extensively researched into the use of permanganates as chromate 
alternatives on aluminium and has two patents submitted In his paper Bibber(1°') sets 
out briefly the method that is used to treat aluminium and its alloys. Depending on 
the type of aluminium to be treated i. e. if it is a more corrosion prone alloy e. g. a 
copper or magnesium-containing alloy, a four-stage treatment is used, compared to a 
single stage for more corrosion resistant alloys or pure Al. 
The four-stage process involves initially increasing the thickness of the oxide film on 
the aluminium by boiling in de-ionised water. This will form a hydrated aluminium 
oxide film according to the equation 
2A1 + 6H7O > 2Al(OH)3+ 3H2 (2.32) 
The formation of the oxide occurs in about 15 - 30 seconds with a coating thickness of 
up to 500nm, the surface will have a bluish-grey appearance. The second stage of the 
coating process involves a sealing step which requires heating to 205°F (96.1°C) in a 
proprietary aluminium salt solution. This decreases the amount of hydrated water in 
the oxide film by replacing it with aluminium hydroxide. 
The third stage of the process is a second seal, which involves treating the metal with 
a proprietary permanganate solution at 135 - 145°C for 1 minute. This process 
involves thickening the oxide film as well as incorporating various manganese oxides 
into the oxide coating. The coating will become metallic or dark pink; an advantage 
of this process is that if the coating is not formed properly brown stains will showed 
up. The final stage is only used as an optional seal for high copper containing alloys. 
This involves using proprietary potassium silicate solution at 205°F (96.1°C) for 1.5 
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minutes. This process converts some of the aluminium oxide film to potassium 
aluminium silicate and completely seals the surface. 
The first stage of the Bibber(1°7) process is omitted if pure A] is to be coated. 
Bibber(1°') states that the coating process provides corrosion protection for 2024-T3 
aluminium up to 168 hours in a salt spray cabinet (ASTM B 117 method) and only 8- 
10 small pits were seen after 336 hours giving it a corrosion resistance performance 
close to that of a chromated surface. These results are quite interesting as 2014A T-6 
Al alloy will rapidly corrode after 24 - 48 hours uncoated. 
2.8.5 Zirconium based treatments 
Zirconium based coatings were first developed for the aluminium canning industry, 
they used zirconium oxide films and had the advantage of short treatment times. 
These times ranged from 1 second to 1 minute. Other substrates metals, zirconium 
has been used to prevent corrosion on are titanium and graphite. The coating method 
produced by Gal-or et al(108) involved producing ZrO, coatings from a solution 
containing a zirconium salt followed by an electrochemical reduction stage and then a 
post coating heat treatment stage. 
The following are the reactions involved in producing the Zr02 coating: 
1) Dissociation of a zirconyl salt 
ZrO(NO3)2 > ZrO2 + 2NO3 - (2.33) 
2) Hydrolysis of the zirconyl cation 
ZrOZ+ + H2O > Zr(OH)2 2+ (2.34) 
3) Interaction of hydrated cations with OH- ions, generated at the cathode by the 
reduction reaction 
50 
LITERATURE REVIEW 
Zr(OH)22+ + 20H- ) Zr(OH)4 
4) Dehydration of the hydroxide by baking to give zirconia. 
Zr(OH)4 > ZrO, + 2H20 
(2.35) 
(2.36) 
The OH" ions produced from the cathodic reaction readily react with Zr(OH)2 2' ions to 
form Zr(OH)4, the coating was produced from current densities ranging from 15 - 100 
mA/cm2 with coating times ranging from 10 to 60 minutes and the bake temperature 
was between 400 - 600°C. 
2.8.5.1 Zirconium conversion coatings on aluminium 
Schram, Goeminne et al(1°9) applied a zirconium-based conversion coating onto 
aluminium. The coating was formed by pre-treating the aluminium in a commercial 
alkaline cleaner (Parko 41030) at 60°C for 7 minutes, followed by an acid etch based 
on H3P04 and HF for 40 seconds, and then by a water rinse. The aluminium was then 
immersed in a commercial zirconium based coating bath (Alodine 4830 / 4831). The 
bath contained a soluble fluorinated zirconium salt and a water-soluble polymer, the 
immersion time varied from 10 - 600 seconds. Once removed the coating was 
sprayed with water and dried at 80°C for 10 minutes. On analysis of the results 
Schram, Goemine et aI'°9) found, using AES, that the surface contained Al, 0, C, F, 
but no Zr could be seen. So surface analysis was also conducted using SIMS. These 
results showed the presence of Al, 0, C, F and Zr. From these results they concluded 
that the conversion coating thickness was about 8±0.8 nm for a 600 seconds 
immersion in the coating solution. A further statement was made that the coating 
formed was two layered, the bottom layer containing Al and 0 only, and the top layer 
containing a fluorinated zirconium compound, with a polymeric compound on the 
outer surface. At the top of this layer was a high concentration of Zr, and F, whilst at 
the bottom of the layer only a small amount of Zr and F was found. 
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2.9 Sulphur and organic based treatments as possible conversion coatings 
on 2014A-T6 Al alloy 
Other types of treatments that could prove interesting as conversion coatings are: 
1) Those compounds containing sulphur 
2) Those compounds based on organic inhibitors 
The main reason as to why it was thought that compounds containing sulphur might 
be effective as conversion coating promoters, was because of the following 
hypothesis. As the 2014A - T6 Al alloy contains copper, which forms discrete 
intermetallic precipitates of CuAl2 when alloyed. It was then thought that if these 
precipitates could be inhibited in such a way that the rate of corrosion of the 2014A- 
T6 Al alloy would be significantly reduced. Using this principle it was assumed that 
coating the alloy with a compound containing sulphur may coat on the surface of the 
intermetallics and react with the copper. This would then form copper sulphide, 
according to equation: - 
CuAl, + S2 CuS + 2A1 (2.37) 
If this were to occur then the noble sites on the aluminium alloy would be inhibited 
and that galvanic corrosion should be eliminated or significantly reduced. 
It was thought that the following sulphur-containing compounds would be worth 
investigating, sodium sulphide (Na7S), sodium thiosulphate (Na2S2O3), ammonium 
sulphide ((NH4)2S) and an organic compound thiourea H, NCSNH2. The organic 
treatment inhibitors tested were, benzotriazole, sebacic and azelaic acid. From the 
literature (127)(141) these molecules had shown some sort of corrosion 
protection/prevention for either aluminium or its alloys. 
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3 EXPERIMENTAL 
The aim of the experimental phase was to investigate the following areas: - 
1. Analysis of the surface of the 2014A-T6 Al alloy both uncoated and coated in 
various treatment solutions and to investigate the resultant coating using a range 
of surface analysis techniques. 
2. Assessment of the corrosion resistance of the various coatings produced on the 
surface of the 2014A-T6 Al alloy using D. C. electrochemical polarisation and salt 
fog exposure testing. 
3. Production of the intermetallic CuAI2 and investigation of its structure using the 
SEM and XRD. 
4. Investigate the nature of the interaction of sodium orthovanadate based treatment 
solutions and the resulting coatings with CuAI, and commercially pure aluminium 
when they are coupled and uncoupled in order to try and simulate reactions that 
occur at intermetallic/matrix boundaries on 2014A-T6 Al alloy. 
3.1 Analysis of the surface of 2014A-T6 Al alloy 
A1 cm' sample of 2014A-T6 was mounted in conducting bakelite and abraded on 200 
grit silicon carbide (SiC) abrasive paper. Successive grinding was carried out on 600 
grit SiC and 1200 grit SiC paper until a smooth surface was obtained. After initial 
abrading, the metal surface was cleaned with liquid soap, rinsed with water and then 
washed with alcohol and finally dried in hot air. The sample was then polished on a6 
micron non-ferrous polishing wheel, followed by aI micron non-ferrous polishing 
wheel; until the surface of the 2014A-T6 Al alloy had a mirror finish. The surface of 
the sample was etched with 0.5% HF for 5 seconds. It was then rinsed with de-ionised 
water and then washed with alcohol and dried. The sample was then examined using a 
Cambridge Instruments Stereoscan 360 scanning electron microscopy with energy 
dispersive X-ray attachment using a tungsten filament as a source of electrons. 
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3.2 Sample Preparation for D. C. electrochemical analysis and neutral salt 
fog exposure. 
Samples of 2014A-T6 Al alloy were prepared for electrochemical studies (5 x5 cm) 
and salt spray corrosion testing (10 x 15 cm). An active area of 1cm2 was utilised for 
the former and a full-size face for the latter. Blanking-off was achieved with chemical 
resistant tape (ANCA tapes No 8135). 
3.3 Sample pre-treatment 
3.3.1 Degreasing 
Samples for conversion coating treatment were pre-treated according to the following 
method. A1 litre solution of Minco, (a preparatory alkaline cleaner from Mc Dermid 
Canning) was prepared by dissolving 32g/I of Minco (make up powder) in de-ionised 
water, then heated on a hot plate to 35°C until the Minco dissolved. When the Minco 
had dissolved the solution was then heated to its operating temperature of 60°C. 
Before each sample was cleaned, the temperature of the bath was checked to make 
sure the operating temperature was correct. The prepared sample of 2014A-T6 Al 
alloy was then degreased in Minco at 60°C for 2 minutes. Care was taken over the 
treatment time as any further period in the alkaline cleaner would cause etching of the 
surface of the sample. The sample was then removed and rinsed in de-ionised water. 
3.3.2 De-oxidising 
A solution of 5% FfN03 was prepared for this step. The solution was stirred and kept 
at room temperature (20°C). The degreased 2014A-T6 Al alloy specimen was then 
immersed into the de-oxidising solution for 1 minute, removed and rinsed in de- 
ionised water. 
54 
EXPERIMENTAL 
3.4 Conversion coating of 2014A-T6 Al alloy 
Each sample, before coating, was degreased and de-oxidised before hand according to 
sections 3.3.1 and 3.3.2. 
3.4.1 Chromate treatments 
To chromate 2014A-T6 Al alloy, a commercially produced chromating solution was 
prepared by dissolving 8g of Alochrom 1200 dip (produced by Mc Dermid Cannings) 
in 1 litre of water. The solution was kept at a constant temperature of 20°C, and a 
piece of previously pre-cleaned 2014A-T6 Al alloy was then immersed in the solution 
for 3 minutes, removed, rinsed and hot air dried. 
3.4.2 Non-chromate treatments 
3.4.2.1 Sodium sulphide 
A solution of 0.25M Na2S was prepared; throughout all treatment processes the 
solution was constantly stirred to maintain the thermal equilibrium within the 
solution. The sample to be coated was immersed in the. solution at the time and 
temperatures as stated in section 3.4.3, rinsed and then hot air dried. At each time and 
temperature, triplicate samples were prepared. 
3.4.2.2 Sodium thios ulphate 
A solution of 0.125M Na, S203.5H, O was prepared (0.125M corresponds to 8g/l of 
sulphur in the 0.25M Na2S). The solution was heated on a hot plate stirrer. The sample 
to be treated was then immersed in the solution for the time and at the temperatures 
stated in section 3.4.3, rinsed and then hot air dried. At each time and temperature, 
triplicate samples were prepared. 
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3.4.2.3 Ammonium sulphide (NH4)2S 
A solution of 0.25M (NH4)2S was prepared by dissolving 85ml of 20% (NH4), S 
solution into de-ionised water and making the solution up to 1 litre. 
The solution was then heated on a hot plate stirrer. The sample to be treated was 
immersed in the solution for the time and at the temperatures stated in section 3.4.3, 
rinsed and then hot air dried. At each time and temperature, triplicate samples were 
prepared. 
3.4.2.4 Thiourea 
A solution of 0.25M thiourea was prepared. The solution was then heated on a hot 
plate stirrer. The 2014A-T6 sample to be treated was immersed in the solution for the 
time and at the temperatures stated in section 3.4.3, rinsed and then hot air dried. At 
each time and temperature, triplicate samples were prepared. 
3.4.2.5 Benzotriazole 
A solution of 0.025M benzotriazole was prepared, The solution was then heated on a 
hot plate stirrer. The sample of 2014A-T6 Al alloy to be treated was immersed in the 
solution for each time and at the temperatures as stated in section 3.4.3, rinsed and 
then hot air dried. At each time and temperature, triplicate samples were prepared. 
3.4.2.6 Acid benzotr"iazole 
The solution of acid benzotriazole was prepared as in section 3.4.2.5 except 50m1 of 
concentrated nitric acid (specific gravity 1.42) was added before the solution was 
made up to 1 litre. The sample of 2014A-T6 Al alloy to be treated was immersed in 
the solution for each time and at the temperatures as stated in section 3.4.3, rinsed and 
then hot air dried. At each time and temperature triplicate, samples were prepared. 
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3.4.2.7 Sodium sebacate 
A solution containing 0.02M sodium hydroxide and 0.01 M sebacic acid was prepared. 
The sample of 2014A-T6 Al alloy to be treated was then immersed into the solution 
for each time and at the temperatures as stated in section 3.4.3, rinsed and then hot air 
dried. At each time and temperature, triplicate samples were prepared. 
3.4.2.8 Sodium azelate 
A solution containing 0.02M sodium hydroxide and 0.01 M azelaic acid was prepared. 
The sample of 2014A-T6 Al alloy to be treated was then immersed into the solution 
for each time and at temperatures as stated in section 3.4.3, rinsed and then hot air 
dried. At each time and temperature, triplicate samples were prepared. 
3.4.2.9 Sodium orthovanadate 
A solution of 0.055M sodium orthovanadate was prepared. The sample of 2014A-T6 
Al alloy to be treated was then immersed into the solution for each time and at the 
temperatures as stated in section 3.4.3, rinsed and the hot air dried. At each time and 
temperature, triplicate samples were prepared. 
3.4.2.10 Sodium orthovanadate production (alternative method) 
An experiment was designed to see if sodium orthovanadate could be produced in the 
laboratory rather than buying from a supplier in order to reduce experimental costs. 
The experiment involved reacting sodium hydroxide and vanadium pentoxide together 
to find the optimum conditions for the production of sodium orthovanadate. 
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3.4.2.11 Sodium orthovanadate and benzotriazole 
A solution containing 0.055M sodium orthovanadate and 0.025M of benzotriazole 
was prepared. The sample, of 2014A-T6 Al alloy to be treated was then immersed in 
the solution for each time and at the temperatures as stated in section 3.4.3, rinsed and 
then hot air dried. At each time and temperature, triplicate samples were prepared. 
3.4.2.12 Sodium orthovanadate and acid benzotriazole 
A solution containing 0.055M sodium orthovanadate and 0.025M benzotriazole and 
50 ml of concentrated nitric acid (specific gravity 1.42) was prepared. The sample of 
2014A-T6 Al alloy to be treated was immersed in the solution for each time and at the 
temperatures as stated in section 3.4.3, rinsed and then hot air dried. At each time and 
temperature, triplicate samples were prepared. 
3.4.2.13 Sodium orthovanadate and sebacic acid 
A solution containing 0.055M sodium orthovanadate and 0.01M sebacic acid was 
prepared. The sample of 2014A-T6 Al alloy to be treated was then immersed into the 
solution for each time and at the temperatures as stated in section 3.4.3, rinsed and 
then hot air dried. At each time and temperature, triplicate samples were prepared. 
3.4.2.14 Sodium orthovanadate and azelaic acid 
A solution containing 0.055M sodium orthovanadate and 0.01M azelaic acid was 
prepared. The sample of 2014A-T6 Al alloy to be treated was then immersed in the 
solution for each time and at the temperature as stated in section 3.4.3, rinsed and then 
hot air dried. At each time and temperature triplicate samples were prepared. 
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3.4.3 Experimental conditions 
The following are parameters used for experiments 3.4.2.1-3.4.2.4. Samples were 
treated at 20°C, 40°C for 30 and 60 seconds. 
Similarly for experiments 3.4.2.5-3.4.2. Samples were treated 20°C, 40°C, 60°C for 
30,60 and 120 seconds. 
3.5 Testing of the passivated 2014A-T6 Al alloy panels 
The panels treated in section 3.4 were then subjected to D. C. electrochemical analysis 
as set up in section 3.5.1, neutral salt fog exposure as specified in section 3.5.2 and 
Auger electron and X-ray photoelectron spectroscopy as stated in section 3.6. 
3.5.1 D. C. electrochemical polarisationU"oxýýýýýu2X113) 
The experimental set up used to carry out the D. C. electrochemical polarisation 
studies was as follows: An ACM Autotafel 1.5A polarisation unit was used in 
conjunction with the software package #406 Tafel analysis provided by ACM, 
running in Windows 3.11. The computer used to run the system was a Tatung 486 
personal computer with extended memory (8MB) 
The experimental parameters are as follows: - 
Sweep rate 50mV/min. 
Starting potential -250mV. 
Stop potential +250mV. 
Total sweep time 10 minutes. 
Maximum current limit 1500 mA. 
Number of data points taken 200. 
Auto counter resister set to on. 
Initial delay 30 seconds. 
Isolated pause 60 seconds. 
Assumed solution resistance 1000 ohms cm2. 
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Specimen area 1 cm'. 
Sweep type Tafel. 
Anode platinum foil 
The reference electrode used was a calomel electrode produced by Russell pH limited. 
The electrodes make up was as follows: calomel (Hg/Hg2Cl/ saturated KCI) at 
+244mV Vs NHE at 25°C with a working temperature range of 0°C to 60°C. 
3.5.2 Neutral salt fog exposure 
Triplicate samples were subjected to different conversion coating treatments. Large 
(10 x 15 cm) 2014A-T6 Al alloy panels were used, and treated according to sections 
3.2.4.1-3.2.4.14 and then exposed to a 5% neutral salt fog in a salt spray cabinet made 
by C&W Specialist Equipment Limited which was set up according to ASTM 
B 117(' 14). For each of the tests an uncoated sample of 2014A-T6 Al alloy was placed 
with each test as a control. 
3.6 Auger electron spectroscopy/ X-ray photoelectron spectroscopy 
Samples of 2014A-T6 were treated according to the following conditions. 
a) I uncoated 2014A-T6 Al alloy 
b) I panel of 2014A-T6 treated in a solution containing l Og/i sodium orthovanadate at 
60°C for 60 seconds. 
c) I panel of 2014A-T6 treated in a solution containing IOg/l sodium orthovanadate 
and 2.25g/l sebacic acid at 60°C for 60 seconds. 
d) 1 panel of 2014A-T6 treated in a solution containing 10g/l sodium orthovanadate 
and 2.1 g/l azelaic acid at 60°C for 60 seconds. 
The samples were then analysed using Auger electron spectroscopy, on a Varian 
spectrometer, working at a base pressure of 8x10"' mbar. The system used a primary 
electron beam energy of 3x103eV, this provided an information spot of approximately 
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200 µm diameter. The etch rate of the surface was 24nm/min using the Ar' ion as the 
etchant species, having an energy of 3x103 eV and a current density of 75x10-6 Acm"Z. 
3.7 Production of the intermetallic CuAl, 
Samples of the intermetallic CuAl, were produced in order to investigate the corrosion 
characteristics, its structure and the electrochemical reaction when coupled with 
aluminium. For the production of CuAl, a high temperature tube furnace, made by 
Carbolyte `' was used. The central section contained a carbolyte tube that could be 
sealed in order to flow inert gases through, as well as keeping the system closed and 
free of oxygen. The system was set up with both ends having reduced inlet and outlet 
sizes, then high temperature resistant tubing was connected to the outlet end of the 
tube. To the inlet side of the carbolyte tube a length of vacuum tube was attached. 
The other end of the vacuum tube was connected to a cylinder of oxygen free argon, 
(oxygen free because at the high temperatures that the furnace was operating, any 
oxygen present would react with the aluminium. ) 
A mixture of lump copper and aluminium was weighed out, in the ratio of 53.5wt% 
copper and 46.5wt% aluminium. Whenever possible 4.65g of aluminium was 
weighed out, along with 5.35g of copper. Once weighed out, the copper and 
aluminium were placed into a ceramic alumina boat made by Alfa. The Al = Cu 
mixture was then placed in the alumina boat and pushed into the centre of the 
carbolyte tube, and each end sealed with a tube to prevent oxygen ingress and to 
enable argon to flow through. Then the argon supply was turned to a pressure of 5 bar 
and operated at this pressure through the tube, throughout the whole experiment. 
When the system was completely enclosed the temperature of the furnace was slowly 
raised to 670°C and held for 30 minutes to enable the aluminium (melting point 
660°C) to melt. The temperature was raised again to 1150°C to enable the copper 
(melting point 1083°C) to melt. The furnace was kept at this temperature for five 
hours to enable both molten metals to mix and become homogenous. Throughout this 
time the argon flow was kept constant. After five hours had elapsed the furnace was 
switched off and left to cool slowly, with the heat being removed partially by the 
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argon flow. Once the sample had cooled to room temperature, the argon flow was 
stopped and both inlet and outlet gas reducers were removed. The sample boat was 
then removed and the pellets of CuAI2 intermetallic removed for further experimental 
tests. The experiment was repeated 8 times to produce a variety of samples. 
3.7.1 Sample preparation and analysis of CuAl2 for XRD 
A piece of CuAl, approximately 2 grams in weight was crushed using a mortar and 
pestle to an extremely fine powder. The powder was mounted onto a glass slide and 
analysed using an X-ray diffractometer made by Phillips, with Hilton-Brooks 
nuclionics, running at 40 KV at 30mA using a copper source and a graphite 
monochromator. Data was collected on an Amstrad 386 personal computer. 
3.7.2 Sample preparation and analysis of CuAl2 for SEM 
A 2g sample of CuAl2 was mounted in conducting bakelite and ground down on 240 
grit abrasive paper, followed by 800 and 1200 grit. The sample was then polished on 
a6 micrometre non-ferrous polishing wheel and then polished to a mirror finish on a1 
micrometre non-ferrous polishing wheel. The sample was examined using a 
Cambridge Instruments Stereoscan 360 scanning electron microscope with energy 
dispersive X-ray attachment using a tungsten filament as a source of electrons. 
3.7.3 Preparation of a CuAI2 electrode 
A 2g sample of CuAl2 was taken and to the top part of the sample an electrical 
connector was fixed. A 50 / 50 mixture of epoxy resin and hardener (supplied by RS) 
was prepared and mixed in a waxed cup, the electrode was placed into a mould and 
the resin poured in. The sample was then left to cure over thirty-six hours, after which 
the sample was removed from the container and the base of the electrode ground 
down to a shiny surface on 200 grit paper. 
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3.8 Passivation treatments of CuAI2 
A sample of laboratory prepared intermetallic CuAl, was passivated using the 
conditions as stated below after having been cleaned in Minco. No de-oxidising stage 
was carried out as the solution left a black smut on the surface of the intermetallic, 
which interfered with the passivation treatments. 
a) Uncoated CuAlz. 
b) Chromated CuAl2 using Alochrom 1200 according to the method stated in section 
3.4.1 
c) CuAl, treated in a solution containing I Og/l sodium orthovanadate at 60°C for 60 
seconds. 
d) CuAl2 treated in a solution containing lOg/l sodium orthovanadate and 2.25g/l 
sebacic acid at 60°C for 60 seconds. 
e) CuAl2 treated in a solution containing l Og/i sodium orthovanadate and 2.1 g/1 
azelaic acid at 60°C for 60 seconds. 
Electrochemical polarisation trials were carried out using an ACM Autotafel 
potentiostat unit using the same criteria as stated in section 3.6. After each test was 
carried out, the surface of the CuAlz was ground down on 200 grit SiC paper to leave 
the surface clean and free from contaminants so it could be re-used. 
3.9 Treatment of commercially pure aluminium (99.99% pure) 
Samples of commercially pure aluminium were passivated using the following 
conditions after having been cleaned in Minco and deoxidised in 5% nitric acid 
a) Uncoated. 
b) Chromated using Alochrom 1200 according to the method stated in section 3.4.1 
c) l Og/l sodium orthovanadate at 60°C for 60 seconds. 
d) l Og/l sodium orthovanadate and 2.25g/l sebacic acid at 60°C for 60 seconds. 
e) I Og/l sodium orthovanadate and 2.1 g/l azelaic acid at 60°C for 60 seconds. 
Each electrochemical polarisation trial was carried out using an ACM Autotafel using 
the same criteria as stated in section 3.5.1. 
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3.10 Simulation of 2014A-T6 Al alloy surface 
A1 cm' sample of laboratory prepared CuA12 was connected to a 50 cm' sample of 
commercially pure aluminium by an electrical wire. The two samples were then 
treated at the same time using the following conditions after having been cleaned in 
Minco but not de-oxidised for the same reason as stated in section 3.8 
a) Uncoated 
b) Couple chromated using Alochrom 1200 according to the method stated in section 
3.4.1 
c) Couple treated in a solution containing 0.055M sodium orthovanadate at 60°C for 
60 seconds. 
d) Couple treated in a solution containing 0.055M sodium orthovanadate and 0.01M 
sebacic acid at 60°C for 60 seconds. 
e) Couple treated in a solution containing 0.055M sodium orthovanadate and 0.01M 
azelaic acid at 60°C for 60 seconds. 
Electrochemical polarisation trials were carried out using an ACM Autotafel using the 
same criteria as stated in section 3.5.1. After each test was carried out, the surface of 
the CuA12 was ground down on 1200 grit SiC paper to leave the surface clean and free 
from contaminants so it could be re-used. 
3.11 Zero resistance ammetry 
A sample of commercially pure aluminium (50cm2 ) and CuAI2 (Icmz) were coupled 
and treated as stated below. They were then connected to an ACM zero resistance 
ammeter (ZRA) and the current and potential were monitored over a three week 
period. 
The bimetallic couple was treated using the following solutions after having been 
cleaned in Minco but not de-oxidised. 
a) Uncoated. 
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b) Couple chromated using Alochrom 1200 according to the method stated in section 
3.4.1 
c) Couple treated in a solution containing 0.055M sodium orthovanadate at 60°C for 
60 seconds. 
d) Couple treated in a solution containing 0.055M sodium orthovanadate and 0.01 M 
sebacic acid at 60°C for 60 seconds. 
e) Couple treated in a solution containing 0.055M sodium orthovanadate and 0.01M 
azelaic acid at 60°C for 60 seconds. 
Each electrochemical analysis was carried out using an ACM ZRA. Each test was 
carried out with a different sample produced from section 3.7 in order for the four 
samples to be run concurrently. 
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4 RESULTS AND DISCUSSION SECTION 
4.1 Results of metallographic examination of 2014A - T6 Al alloy 
4.1.1 Analysis of 2014A-T6 Al alloy matrix 
After etching the surface of the alloy with 0.5% HF. The features that could be clearly 
seen using the scanning electron microscope (micrograph 1) were two different types 
of precipitates in the aluminium-rich matrix. It was noted that these precipitates had 
different morphologies, one had a spherical/oval shape and the other had straight sides 
(this precipitate will be referred to as the "angular precipitate"). On analysis using 
EDX (Energy Dispersion X-ray) the matrix surrounding the precipitates, was shown 
to contain the following: - Cu, Al, Mn, Fe, Si, in compositions as shown by table 4.1. 
Element % Elemental % Atomic 
Cu 4.3 1.9 
Al 92.9 95.7 
Mn 0.7 0.3 
Fe 0.03 0.1 
Si 2.0 2.0 
Table 4.1 Analysis of the matrix of 2014A - T6 Al alloy using EDX 
These results are consistent with the ranges given for 2014A - T6 Al alloy as shown in 
Section 2.2. However, as it can be seen, the iron content was low although there was 
no minimum limit specified. The concentration of silicon as analysed in the 
aluminium matrix was substantially higher than the limits specified by the 
manufacturers. This may be because there was some co-elition of the silicon or 
formation of a solid solution between the aluminium and the silicon. It could also be 
due to the effect of the casting process where the silicon may float to the top and 
therefore have a higher concentration, and so it may not be uniformly distributed 
throughout the matrix. 
Any reduction in the copper concentration may be due to the formation of second 
phases such as the 0 phase and the angular precipitate. An interesting result obtained 
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was the total absence of Mg, this was quite an unusual result as the range of Mg in the 
alloy should be between 0.2% and 0.8%. It was possible that when produced the Mg 
in the alloy reacted with oxygen in the atmosphere and was removed as slag, or it may 
have reacted with the sides of the cupola during smelting. This phenomenon was also 
noted by Morgan(' 15) who had also analysed 2014A - T6 Al alloy and found no Mg in 
the matrix or precipitates. So this phenomenon must perhaps not be regarded as an 
erroneous result as first thought. It should also be noted that in the Al alloy 2024 -T3, 
(regarded as the `twin' to 2014A - T6 Al alloy but used by American aerospace 
companies), a precipitate was formed between the aluminium, copper and magnesium 
(AI, CuMg). A reason for the formation of this precipitates was the fact that the 
concentration range of Mg in 2024A-T3 according to Polmear(116, was 1.2-1.8 wt%. 
This higher concentration may account for the formation of the A1, CuMg in the 
aluminium alloy 2024 - T3 as any loss due to formation of slag during casting process 
should still leave some Mg to react with the Cu and Al. 
4.1.2 Analysis of spherical precipitates 
As previously stated the spherical precipitates (micrograph 2) can be seen on the 
surface of the 2014A - T6 Al alloy and when analysed by EDX the exact composition 
varied slightly. These precipitates are regarded as being CuAI7. In one case the 
analysis came very close to confirming the formation of CuAlz, this can be seen from 
the results in table 4.2. 
Clement % Elemental % Atomic 
Cu 50.8 30.5 
Al 48.0 67.9 
Mn - - 
Fe - - 
Si 1.2 1.6 
Table 4.2 EDX analysis of spherical precipitate 
The presence of silicon in the precipitate was interesting as there was not a standard 
precipitate that contains Cu, Al and trace amounts of Si. According to 
Bolingbroke's(117 thesis, he states that small additions of silicon are able to make the 
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alloy more susceptible to the artificial ageing process than a normal Duralumin and 
consequently the 2014A - T6 Al alloy will have higher strength. This was also true 
for 2014 - T3 Al alloy. As for the results obtained form the other two spherical 
precipitate analysed, it can be seen from the results in table 4.3 that there was an 
increase in the aluminium content giving a formula of CuAlz. 96. 
Element % Elemental % Atomic 
Cu 43.6 24.8 
Al 55.4 74.0 
Mn - - 
Fe 0.01 0.007 
Si 1.0 1.2 
Table 4.3 EDX analysis of spherical shaped precipitate 
One of the reasons for this change in concentration of Al and Cu may be due to the 
presence of a very small quantity of iron in the precipitate, which may prevent the 
CuAI, from forming and instead encourage an intermediate precipitate to form. 
Justification for this statement can be taken from the fact that the silicon level in the 
precipitate was very similar to the previous result analysis. Table 4.2 shows that no 
iron was detected, a similar result occurs in the third spherical precipitate to be 
analysed (table 4.4) this again showed no iron to be present, however Mn was present 
(table 4.4 at 0.06 at %) where as in the previous sample it was absent. 
Clement % Elemental % Atomic 
Cu 31.7 16.5 
Al 66.9 81.9 
Mn 0.1 0.06 
Fe - - 
Si 1.3 1.6 
Table 4.4 EDX analysis of spherical shaped precipitate 
In the third sample (table 4.4) there was an even higher concentration of aluminium 
(81 at %) compared to what it should be at (66 at %). The copper had decreased from 
what it should be at (around 33 atomic % to 16 atomic %). The concentration of 
silicon remained the same (1.6 atomic %). This result indicates that the Mn may 
inhibit the formation of the CuAl2. So one can infer from the above two results that 
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impurities such as Fe and Mn may react with the Cu and Al during the formation of 
spherical CuAl7 precipitates inhibiting their formation. 
The CuAl, phase was called the 0 phase and according to Polmear("8) has a potential 
much more noble than the surrounding Al matrix leading to subsequent galvanic 
corrosion. This type of corrosion was of major interest in this work. One of the main 
factors in trying to reduce corrosion will be the inhibition of galvanic attack between 
CuAlz (0 phase) and the surrounding matrix. This will be achieved by passivating the 
0 phase and therefore inhibiting the reactions on the intermetallic surface. 
4.1.3 Analysis of the angular precipitates 
The SEM micrograph, (micrograph 3) shows these precipitates as mainly having 
straight sides. Analysis using EDX of three precipitates gives the results stated in 
tables 4.5-4.7. 
Element % Elemental % Atomic 
Cu 5.8 2.8 
Al 70.3 79.8 
Mn 6.7 3.8 
Fe 9.2 5.0 
Si 7.9 8.6 
Table 4.5 EDX analysis of angular precipitate 
Element % Elemental % Atomic 
Cu 8.2 4.3 
Al 56.4 67.8 
Mn 14.8 9.1 
Fe 14.0 8.5 
Si 8.7 10.4 
Table 4.6 EDX analysis of angular shaped precipitate 
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Element % Elemental % Atomic 
Cu 6.7 3.5 
Al 55.9 69.1 
Mn 13.4 8.1 
Fe 15.9 9.5 
Si 8.0 9.8 
Table 4.7 EDX analysis of angular shaped precipitate 
As can be seen, the precipitates contain Al, Cu, Mn, Fe, and Si, again no magnesium 
was detected. From the results it should be noted that there was a higher concentration 
of aluminium (% elemental) in this type of precipitate, than the 0 phase, as would be 
expected, also present were concentrations of copper in approximately the same 
levels as were detected in the main matrix. However, there are considerable quantities 
of Mn, Fe, and Si, which indicates that when this type of precipitate forms it tends to 
act as a scavenger, removing the majority of the trace elements. Polmear(l 19) states 
that the manganese reacts with aluminium initially, usually forming MnAl,, it then has 
the ability (if sufficient amounts of Mn are present) to remove iron possibly forming 
(Mn, Fe) Al,, called 0' (theta prime) phase. This then allows small amounts of silicon 
to be segregated into the 9'/matrix interface. This then will reduce the rate of 
coarsening of this phase at elevated temperatures. It can be seen (according to 
Polmear (120) ), that these trace elements have the effect of modifying the nucleation 
and growth of precipitates during the ageing process of 2014A-T6 Al alloy. This will 
result in improved creep resistance and mechanical properties. A point to note is that 
Polmear(121 states that the (Fe, Mn, Si)A16 precipitate has roughly the same electrode 
potential as the aluminium matrix, therefore it will not cause significant galvanic 
corrosion. 
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4.2 SEM micrographs of 2014A - T6 Al alloy 
4.2.1 SEM micrograph of uncoated uncleaned 2014A-T6 Al alloy 
The surface of an uncoated, uncleaned specimen of 2014A - T6 Al alloy was similar 
to that shown in micrograph 1. On the surface of the alloy can be seen slightly raised 
structures, which were later found to be intermetallic precipitates in the surface of the 
matrix of the Al alloy. There are clearly two forms of features, i. e. spherical and 
angular sided. 
4.2.2 SEM micrograph of Minco cleaned 2014A - T6 Al alloy 
On cleaning the 2014A - T6 Al alloy in Minco for two minutes the resulting effect on 
the surface can be seen in micrographs 4,5 in which the intermetallics can be seen 
more clearly, raised above the matrix. It should be noted that with some of the 
precipitates, some form of selective dissolution may have taken place, this is most 
likely to be aluminium dissolving from around the precipitate leading to there raised 
appearance. The intermetallics that were attacked are the angular ones (later found to 
contain Al, Cu, Mn, and Si) rather than the spherical CuA12 ones. At sites where part 
of the intermetallic has been removed the void left appears to be quite deep, indicating 
that the dissolved part of the intermetallic may have been removed down to the 
underlying matrix. From the micrograph no evidence of selective attack on the main 
aluminium-rich matrix can be seen, indicating that the Minco does not attack the Al 
unless it was universally dissolved from the surface which may account for the high 
prominence of the precipitates. An alternative cleaning method could have been used, 
but Minco was specified as the surface cleaner by one of the partners in the LINK 
programme. Minco was widely used in degreasing preparation in the metal finishing 
industry for a wide variety of aluminium alloys. Alternative degreasing methods, 
which are less aggressive than the Minco cleaning process, which could have been 
used, using acetone, which removes oil and grease very effectively and leaves no 
residue or staining on the surface of the alloy, as well as not attacking the surface. 
Other types of cleaners that could have been used to effectively clean the surface 
include boiling in Freon TF TM, a chlorofluorocarbon (however this was effectively 
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banned except in certain cases such as the electronics industry). Others include using 
an organic water-soluble surfactant solution such as AlfonicTM. Both Freon TF''M and 
Alfonic'' are specifically used in the electronics industry, AlfonicTM for the cleaning 
of metal castings. Freon TF TM for the cleaning of the disks for hard drives; both leave 
no residue or chemically attack the surface. From the micrographs it must therefore be 
assumed that the Minco activates the surface possibly by dissolving some of the 
matrix away making the precipitates more prominent. 
4.2.3 SEM micrograph of Minco and nitric acid cleaned 2014A - T6 Al alloy 
Micrograph 6 shows some form of dissolution around the Al, Mn, Si, Cu 
intermetallic, after the surface has been cleaned in Minco. The surface appears not to 
have been greatly affected by the 5% nitric acid deoxidising stage, which was 
primarily there to dissolve the oxide film when the sample was in solution. When the 
sample was withdrawn a very thin even oxide film will then form on the surface. 
4.2.4 SEM micrograph of a 0.5% hydrofluoric acid etch of the surface of 
2014A - T6 Al alloy. 
The 0.5% HF etch was carried out on a highly polished sample of 2014A-T6 alloy 
(micrograph 1) to reveal the intermetallics in order for analysis to identify their 
composition using EDX (micrograph 1). Again it was possible to see two types of 
intermetallic spherical and irregular (angular) shaped, it was evident that the etching 
process has dissolved the aluminium around the surface of the precipitates when 
examining the high magnification micrograph of the surface. This dissolution seems 
more apparent on the irregular shaped precipitate. The spherical shaped precipitate 
seems to be unaffected and no dissolution seems to have occurred suggesting that 
CuA12 and the Al rich matrix have a high amount of bonding between the two. 
4.2.5 SEM micrograph of a sample of cleaned, uncoated 2014A-T6 exposed 
to 5% NaCl fog for 7 days. 
The resulting micrographs, land 8 shows that after 7 days exposed to the 5% neutral 
salt fog, the surface of the alloy has corroded. Some areas remain relatively 
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unaffected, whilst others are heavily corroded, these areas are a mixture of Al(OH)3 
and aluminium hydroxychlorides corrosion products. At higher magnifications a fine 
powder like corrosion product can be seen in this area indicating either pit initiation or 
pit growth was occurring, this suggests that the surface was corroding rapidly and 
selectively. 
4.2.6 SEM micrograph of a sample of cleaned, uncoated 2014A-T6 Al alloy 
exposed to 5% NaCl fog for 14 days. 
Micrograph 9 shows that the surface was heavily corroded with areas that appear to 
have corrosion products that have become voluminous. In some cases it seems as if 
the stress of the corrosion product formed at the metal/fog interface in the salt spray 
cabinet, cracks its upper levels. On looking at the surface at a greater magnification 
spherical structures can be seen (microcrographs 9,10). In some instances the top of 
these structures had broken off and had fallen inside the tube like structure 
(micrograph 10), the formation of this structure was most likely to have occurred as 
described in section 2.3 and shown in figure 2.3. This then has allowed the interior to 
be exposed to a corrosive fog, and would then let in more Cl- ions leading to further 
corrosion in the structure which then leads to a pit at the surface of the alloy. 
4.3 Types of non-chromate treatments used on 2014A-T6 Al alloy and 
mechanism of formation 
Three different types of treatments were investigated: 
1) Those containing sulphur 
2) Those based on organic inhibitors 
3) Those containing sodium orthovanadate and organic inhibitors 
Each type of treatment was applied to the surface of the 2014A-T6 Al alloy at various 
times and temperatures. 
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4.3.1 Sodium sulphide treatment on to 2014A T-6 Al alloy 
When treated at all times and temperatures, it was noted that even though the pH of 
the Na2S solution was 12.3, little reaction seemed to be occurring on the surface of the 
alloy. A sample of the alloy in a solution of sodium hydroxide at similar pH did 
exhibit a reaction, indicating that the sulphide was inhibiting aluminium dissolution. 
On removing the samples little or no surface colour could be seen indicating that 
either the coating was thin or that there was no coating at all. 
4.3.2 Sodium thiosulphate treatment on to 2014A T-6 Al alloy 
The thiosulphate coating seemed to cause a slight increase in dissolution of the 
substrate. The role of the thiosulphate ions may be to encourage corrosion 
sinceaccording to Duret-Thual et ah0-'-ý, thiosulphates in a chloride media encourage 
pitting on Fe - Cr alloys (e. g. 316 stainless steel and 304L grades). These metals are 
also alloys that rely on passive oxide films to provide corrosion protection. In their 
paper (122), they state that the adsorption of thiosulphates are reduced on the surface to 
adsorbed sulphur which in conjunction with the chloride ion inhibits the repassivation 
process if the chloride ion has started pit initiation. However, in their experiments, 
their samples were immersed in a solution of 0.02M NaCl / 30ppm S2032 for 24 
hours, giving the chloride ions sufficient time to react and dissolve the oxide film 
before the polarisation experiment was run. Whereas in the present experiments the 
thiosulphate solution was used to treat the 2014A - T6 Al alloy and then the sample 
was immersed in the 3.5% NaCl solution for 5 minutes, this was likely to rule out 
total dissolution of the oxide film and rapid initiation of pitting. So it was possible the 
0I-1- ions produced, and the sulphur from the reduced thiosulphate ions prevent the 
formation of a protective oxide film which would be obtained on a cleaned, uncoated 
sample of 2014A - T6 Al alloy immersed in 3.5% NaCl. 
4.3.3 Ammonium sulphide treatment on to 2014A T-6 Al alloy 
The aim of using ammonium sulphide was that if this reaction did occur on the CuAl, 
surfaces forming CuS, the H2 produced would be lost and the NH, would react with 
water to form NH4OH. Because of the higher temperature the ammonium may not 
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react with the surface. As at 40°C some of the ammonium would be removed from 
solution by the heat (as ammonia), thereby reducing the possibility for a reaction to 
occur, and as the sample was only immersed in the solution for 30 seconds. This time 
may not be enough to dissolve the oxide film, react with the surface and form a 
coating, even though the pH of the ammonium solution was 9.7, outside the passive 
region on the Pourbaix diagram for aluminium. 
4.3.4 Thiourea treatment on 2014A T-6 Al alloy 
Thiourea can be used for treating copper or aluminium. Brown et al(123) used thiourea 
in the presence of sulphuric acid to assess whether thiourea molecules adsorb on the 
surface of copper. It was found that the thiourea formed a complex with the copper via 
the sulphur atom of the thiourea molecular chain. This forms a complex involving 
Cu(I) cations and the thiourea. In theory this should leave the surface of any copper- 
containing alloys such as 2014A-T6 Al alloy with increased protection. However, 
thiourea can also act as a corrosion inhibitor for aluminium as Subrananyam et al(''-``) 
found using infra red spectroscopy. Their experiments showed that metal-sulphur 
bonding occurs between the aluminium and the thiourea in a corrosive solution of 
sodium nitrate. They also found that the nitrogen atom from the thiourea chain 
remains inert or totally deactivated. From this, it can be concluded that when 2014A- 
T6 Al alloy was treated in thiourea, it may be possible to form coatings at both the 
copper sites and the aluminium sites. However, if the thiourea inhibits the aluminium 
then an increase rate of corrosion will occur due to an increased cathode-anode ratio. 
A point to note was that the pH of thiourea was neutral and it may be difficult for it to 
dissolve through the passive oxide film and react with the surface so this may account 
for the fact that thiourea performs less well than expected. 
4.3.5 Benzotriazole treatment on to 2014A T-6 Al alloy 
Benzotriazole was stated by Ling et a1'25) as being `one of the best known corrosion 
inhibitors for copper'. Stupnisek et al( 26 also state that benzotriazole was good at 
corrosion inhibition of copper. The general consensus for the mechanism for the 
protection of copper was that the benzotriazole loses a hydrogen atom from the 
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nitrogen ring in very slightly alkaline conditions. This then forms a carbanion, which 
was then attracted to the copper surface, and thereby inhibiting copper dissolution and 
preventing copper corrosion. 
4.3.6 Acid benzotriazole treatment on to 2014A T-6 Al alloy 
This solution was used as it would definitely destabilise the oxide film (acid pH) and 
allow the benzotriazole to react directly with the alloy surface. However, there was the 
possibility that as the benzotriazole was in acid conditions, it was likely to stabilise 
the hydrogen atom on the nitrogen ring. This in turn may not be able to react with the 
copper surface reducing the chance of inhibition. When the panel of 2014A-T6 Al 
alloy was removed from the solution the benzotriazole may not have had time to react 
with the surface, leaving the alloy surface less protected against corrosion, than would 
have been thought. 
4.3.7 Sodium sebacate treatment on to 2014A T-6 Al alloy 
Jeffcoat('') used sodium sebacate as a corrosion inhibitor for aluminium alloys. 
Jeffcoat's research found that when aluminium was immersed in a solution of sodium 
chloride, containing sodium sebacate, after 14 days the E,, 0R values 
had changed very 
little indicating that the sebacic acid was still covering the surface acting as possibly, a 
"film former/inhibitor". Having seen that sodium sebacate has a possibility to prevent 
corrosion, a solution of 2.25g sebacic acid dissolved in sodium hydroxide (0.88g) was 
made to form the sodium sebacate. The alloy panels were then immersed in the 
solution. At first there was no reaction from the surface, but after about 10 seconds the 
surface began to react in a similar manner to most of the alkaline solutions. The pH of 
the sodium sebacate solution was 11.9, high enough to remove the oxide film for 
coating formation. For sodium sebacate to be effective, it appears that it needs to be 
either added to the corrosion environment (as Jeffcoat did). This shows, it can inhibit 
the surface this way; or it needs to be incorporated within a coating next to the surface 
of the Al alloy to add further protection from Cl" ions, as well as aiding the coating 
structure. This was why the sebacic acid was added to a sodium vanadate solution at a 
later stage. 
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4.3.8 Sodium azelate treatment on to 2014A T-6 Al alloy 
The reason for using sodium azelate was to see if shortening the organic chain length 
(from sodium sebacate) by 1- CH2 unit had any effect on the corrosion inhibition of 
the metal. Also Samuals et al(128) has stated that azelaic acid, as sodium azelate, was an 
effective corrosion inhibitor for aluminium. Again the azelaic acid was dissolved in 
sodium hydroxide 1: 2 ratio to produce sodium azelate. On immersion of the alloy 
panels into the sodium azelate solution, little or no reaction could be seen even though 
the pH of the solution was 11.5. This then suggests that the sodium azelate prevented 
a reaction on the surface of the alloy, which would normally be very active at this pH. 
4.3.9 Sodium orthovanadate treatment on to 2014A T-6 Al alloy 
One of the aims of this thesis was to investigate vanadate based coatings on 2014A - 
T6 Al alloy. Treacy(10), (also working as part of the DTI LINK program), had 
optimised a bath containing l Og/l sodium orthovanadate operating at a temperature of 
60°C with a 60 seconds immersion time (130X162). Of the previous work carried out by 
Treacy(130) it was deemed not necessary to repeat the experiments, and therefore the set 
conditions as found by Treacy(130) were used as standard. According to the 
encyclopaedia of chemical reactions by Hampel(131), when sodium orthovanadate 
(Na3VO4) was added to water the following reaction occurs: 
Na3VO4 + H2O > Na4V, 07 + 2NaOH (4.2) 
Sodium Pryrovanadate 
This reaction produces sodium hydroxide, which alters the solution pH from pH 7 to 
pH 12.1. However, on looking at Pourbaix's(132) atlas it states that above a pH of 11.5 
the V043 species should predominate rather than the pryovanadate (V, 074-). So clearly 
there was a slight miss interpretation, it should be noted that the pryrovandate was the 
species that Pourbaix(132 suggests exists on the other side of the pH line at 11.5. 
Whichever species does exist in solution the pH of the solution was significantly 
alkaline and when a piece of 2014A - T6 Al alloy was immersed in it the oxide film 
will be removed. This enables the vanadate species present in solution to react with 
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the aluminium alloy to form a coating. The coating that formed was dark grey and 
when analysed by X-ray photoelectron spectroscopy by Treacy and Mathieson (133) the 
coating they concluded contained at least 2 species, this was because there was two 
different oxygen-containing coating species. It was concluded that the most likely 
species present was the V043- and V205 species. However, there was a possibility that 
the second species was not V205 but the pryrovanadate species V2074 . 
In both cases 
the oxidation state of the vanadium was +5 which was the most thermodynamically 
stable. In a paper by Copley et al(134), it was stated that sodium pryrovanadate was 
regarded as a dimer in all but very dilute solutions. This suggests it was possible for 
the dimer structure to breakdown into the monomeric species V043" on reacting with 
the surface of the 2014 A T-6 Al alloy. The coating formed on the 2014A - T6 Al 
alloy could then contain Al(OH)3 and/or AlVO4. However, Pecquencard et al(135) have 
been able to produce Al2(OH)3(VO4). Unfortunately to prepare this they needed to 
react Al(NO; )3-9H20 and V, O5 and tetramethyl ammonium hydroxide at 200°C for 5 
days. Therefore it was unlikely that Al, (OH)3(VO4) forms as a coating on 2014A - T6 
Al alloy, due to time and temperature required to form under experimental conditions. 
The point that should be made here is that aluminium does form vanadate compounds 
readily. This should be borne in mind when assessing the electrochemical results. 
The inhibition mechanisms are unknown but as will be seen later that, over long-term 
salt fog testing the coating provides some protection. This was possible due to the fact 
that when pits form, the pH change in the pit to acidic conditions would be significant 
enough to change the structure of the vanadate species situated in and around the top 
of the pit. If the pH falls below 6.5 the vanadate species V, 0O28`'-(136) forms, this ion 
was unstable and on further protonation the pH falls to around 2. At this point the 
V10O286-(136) breaks down and forms the VO, +(136) Species. One advantage of this 
mechanism was that protons are removed from the pit in the conversion process 
thereby reducing the amount of acid in the pits. In a sense the vanadate species uses 
up the protons to bring the pH into the region of 4.5 -8 where the aluminium would 
be passive, for further discussion see the salt spray results in section 4.6. Having now 
assessed the effectiveness of sodium orthovandate and the possible mechanism the 
next step, was to look at the additives previously investigated to see if any 
improvement on the corrosion resistance could be gained. It can be seen that there was 
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the possibility that vanadate coatings contain cracks (micrographs 11,12) that will let 
chloride ions through to corrode the surface and so blocking the cracks with other 
compounds. 
4.3.10 Sodium orthovanadate and benzotriazole treatment solution on to 
2014A T-6 Al alloy 
The advantage of this treatment solution was that the pH of the sodium orthovanadate 
solution removes the hydrogen atom from the nitrogen ring of the benzotriazole. At 
the same time the pH of the solution allows removal of the oxide film, so this also 
enables the benzotriazole to possibly react with the surface of the 2014A-T6 Al alloy 
at the same time as the sodium orthovanadate was forming a coating over the surface. 
So in theory the resulting coating should contain a layer of benzotriazole near the 
surface of the alloy surrounded by upper layers of sodium orthovanadate. It may be 
that the coating was not as effective, as a sample that was left in a solution containing 
benzotriazole as an inhibitor. This could be due to the fact that benzotriazole does not 
form coating in the solution or that if it was incorporated, it was water soluble and 
may not act as an inhibitor close to the surface of the 2014A-T6 Al alloy. 
4.3.11 Sodium orthovanadate and acid benzotriazole treatment solution on to 
2014A T-6 Al alloy 
The aim of this experiment was to see if treating the Al alloy in a solution containing 
HNO3 initially remove the oxide film. Removal of the oxide film in solution, 
should enable both the benzotriazole molecules and vanadate species to react with the 
alloy surface, and, therefore possibly produce an effective coating. It can therefore be 
assumed that the vanadate species exists as the vanadate VO43 ion, especially as the 
solution has a pH value of around 2 at which another possible species, V10O286-(136), 
was unstable and breaks down into the VO, +("G) species, which was slightly yellow in 
colour and would be evident. From this we can suggest the possibility that the 
vanadate species that was present, does not form effectively on the surface. Therefore 
the alloy surface that was left may be covered by benzotriazole due to chemisorption. 
This suggests that the aluminium matrix may have some form of coating. From this 
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we can conclude that the vanadate / acid benzotriazole system did not provide much 
more protection than the oxide film on a uncoated piece of 2014A - T6 Al alloy. 
4.3.12 Sodium orthovanadate and sebacic acid treatment solution on to 
2014A T-6 Al alloy 
The idea of using the sebacic acid in conjunction with the vanadate was as the pH of 
the vanadate solution was pH 12.1 and therefore alkaline, there would be a reaction 
when the sebacic acid was added. The resultant solution was of a mixture of sodium 
orthovanadate and sodium sebacate with a resultant p1-I of 10.3. The theory was that 
as the vanadate reacts on the surface of the 2014A - T6 Al alloy, the sodium sebacate 
then blocks the cracks that would normally form. If this then happens we should see a 
shift in the Ecor value and an increase in the R1, value, as the chloride ions will be 
prevented from reaching the surface of the aluminium alloy. 
4.3.13 Sodium orthovanadate and sodium azelate treatment solution on to 
2014A T-6 Al alloy 
The aim of using azelaic acid with the sodium orthovanadate was to see if, as a 
comparison with sebacic acid, whether a shorter organic chain length produced a 
coating which gave a greater corrosion resistance. The mechanism by which the 
azelaic acid reacts was exactly the same as the sebacic acid but the alkaline solution 
converts the azelaic acid to sodium azelate which blocks the cracks in the vanadate 
coating thereby stopping chloride ions from reacting with the alloy surface. 
4.4 Cost of the production of laboratory produced Na3VO4 
4.4.1 Production of Na3VO4 in solutions by an alternative cheap method. 
Na3VO4 was produced in industrial quantities, however, the main disadvantage of this 
was that the cost of Na3VO4 was £455.2 per Kg for laboratory scale quantity. As each 
experiment required 10 g/1 of Na3VO4 to cover one or two panels (10 cm by 15 cm), 
the cost becomes high and the process was therefore extremely uneconomic. 
However, a cheaper method of producing Na1VO4 to treat the aluminium alloys was 
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examined. The following method was found to be a cheaper possible alternative and 
was just as effective. This method of production produces sodium orthovanadate at an 
approximate cost of less than one tenth of the laboratory chemical. 
Reaction :- 
6NaOH + V205 2Na3VO4 + 3H20 (4.3) 
RMM 40g/mol 182g/mol 184g/mol 18g/mol 
Reaction requires 6x 40g/mol +Ix 182g/mol 
240g + 182g >2x 184g = 368g 
The above reaction will therefore produce 368g/l of sodium orthovanadate in solution. 
As we only need l Og/1 of sodium orthovanadate to form a coating solution, we would 
need 6.6g/1 of sodium hydroxide reacting with 5g/l of vanadium pentoxide. 
4.4.2 Cost 
The cost per gram of sodium hydroxide was 0.0023p, and the cost per gram of 
vanadium pentoxide was 7.2p, therefore the total cost to produce lOg/1 of sodium 
orthovanadate was as follows: - 
Cost of sodium hydroxide 6.6g x 0.0023 = 0.0 15 p/g. 
Cost of vanadium pentoxide 5g x 7.2p = 36p/ l Og 
So cost of sodium orthovanadate produced by this reaction route was 36p/ 10g. 
Cost of sodium orthovanadate bought from supplier 455 p/ IOg 
So there was a large cost saving in producing sodium orthovanadate by this route. 
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4.5 DC electrochemical polarisation trials. 
The surface (along with the bulk) of a specimen of 2014A -T6 Al alloy contains 
copper as the major alloying element. With the addition of copper to aluminium a 
shift, in the E,, 0R potential occurs. 
A sample of pure aluminium (99.99 % pure) has a 
potential of approximately -1000mV versus SCE; with additions of more noble metals 
to aluminium such as copper, the potential will be shifted into the anodic direction. 
As the aluminium alloy (2014A - T6) contains 5% Cu there was a significant shift in 
the anodic direction, to give an E, 0, r value of approximately -680 to -690mV versus 
SCE. With the addition of copper to the aluminium, some of it will remain in the 
matrix but some will form precipitates of CuAl,. These CuAl, precipitates are more 
noble than the surrounding aluminium-rich matrix (a pure sample of CuAl, was 
regarded as having a potential of -530mV versus SCE according to Polmear("') 
compared to the value of -654 mV vs SCE as discussed in section 4.14 and shown in 
table 4.32). This then causes further galvanic cells to be set up between the CuAI, and 
the aluminium matrix, with the former as the cathode and the latter acting as the 
anode. Furthermore, the size of the CuA12 intermetallics plays a part in the rate of 
corrosion, the smaller the cathode was in relation to the matrix (anode), the slower the 
corrosion rate. When corrosion does occur, the mechanisms by which it takes place 
are by intergranular corrosion and pitting. All the electrochemical polarisation 
experiments were carried out in a 3.5% sodium chloride solution (section 3.51), which 
was the same concentration (salinity) of sodium chloride . (as defined by Shrier("')) in 
seawater. The aim of using the DC electrochemical polarisation technique was that it 
produces corrosion results from which comparisons of coating protectability and 
effectiveness can be determined. One problem that was encountered in using this 
method was establishing a corrosion rate. When determining the corrosion rate for a 
(pure metal the following relationship applies139ý 
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Polarisation resistance RP as stated in ASTM G59-78 (Reapproved 1984) is calculated 
as shown below using equations 4.4-4.6 
The polarisation resistance R1, of a corroding electrode is defined as the slope of a 
potential E-current density i plot at the corrosion potential E,,,,. 
R, =(c9E)AE=o (4.4) 
Where AE =E- Ec0R is the polarisation from the corrosion potential and i is the 
applied current density and this corresponds to a particular value of tE, for a pure 
metal, using the Rp value the corrosion current density can be calculated using the 
following equation (139): 
icon =R (4.5) 
However, the value B changes from metal to metal. B is the combination of anodic 
and cathodic slopes in a pure metal, these slopes are known and are called Tafel 
constants. (The problems with alloys, such as 2014A- T6 Al alloy is that the slightest 
variation in composition fron batch to batch will change the value of B. This is due to 
the values of ba and b,, being different) their relationship to B is as follows (39): 
B= 
ba be 
2.303(ba +b, ) 
(4.6) 
If the values of ba and b, are therefore known then i,., can be calculated by simple 
substitution, however, 2014A - T6 Al alloy was not a `Tafel metal'. This was due to 
the alloying constituents, which due to their varying composititon does not allow 
uniformity of the metal causing shifting in the Tafel slopes. Therefore i,,,, r cannot 
be 
directly related. So for this set of experimental results and subsequent results through 
out the thesis, the value of RF will be used as a guide to the corrosion resistance of a 
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coating. Using the philosophy that a low RF, value indicates a coating of low corrosion 
resistance and a high value of Rp indicates a coating of high corrosion resistance. 
The results for the coated and uncoated samples are presented below and in figures 4.3 
- 4.24 which give an overview of how the different coatings compare. 
4.5.1 Uncoated sample of 2014A - T6 Al alloy 
Sample Run Number Ecorr (mV vs SCE) R, (Qcm2 ) 
2014 A Al alloy 1 -690 11.3 
2 -677 11.1 
3 -701 9.6 
Table 4.8 DC Polarisation results for 2014A-T6 Al alloy cleaned in Minco only 
Sample Run Number E. 
orr(mV vs SCE) R (Qcm2 ) 
2014A Al alloy 1 -680 9.2 
2 -695 10.8 
3 -685 12.4 
Table 4.9 DC Polarisation results for 2014A-T6 Al alloy cleaned in 
Minco and deoxidised in HNO, 
When an uncoated sample of 2014A - T6 Al alloy was immersed into a solution of 
3.5% NaCl the resulting potential was approximately -68OmV versus SCE, having an 
R, value of between 4.3 - 5.7 SZcm2. This indicates that the surface of the 2014A - T6 
Al alloy was quite reactive when compared to chemically inert metals such as 
titanium, which will have a high R, value in seawater. The low value of IR, obtained 
for 2014A - T6 Al alloy indicates that in a chloride environment, the normally passive 
oxide film, (which normally provides some natural protection), was dissolved away or 
breached and cannot provide any protection under these conditions. Combined with 
the fact that the intermetallics may jut out from the surface of the alloy and cause 
there to be no oxide film above them. The aluminium would try to repassivate, but 
the chloride ions from the 3.5% NaCl solution will prevent any further passivation of 
the 2014A - T6 Al alloy as the formation of AICI1 and Al(OH)3 and mixed 
hydroxychlorides are more thermodynamically feasible. This can be justified by the 
fact that chloride ions are known to dissolve oxide lattices, which form on metals that 
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possess the ability to passivate. It should be noted that the Tafel curves (figure 4.3- 
4.6) showed the complete absence of any passivation peak in the anodic direction (this 
was not too surprising as the anodic passivation region is outside the Tafel region). 
The results confirm this as a highly corrosive medium that the alloy was in. As in 
many solutions e. g. S04Z- it would be expected that there would be a passive region, 
where little significant reaction would occur, a thick oxide film would form, with a 
considerable drop in the corrosion current, eventually this would breakdown leading 
to oxygen evolution. The cathodic region of the Tafel curve shows a very steep slope 
indicating that the following cathodic reaction occurs: - 
0, + 2H, 0 + 4e > 40H" (4.7) 
If this reaction is quite rapid, there will be a high rate of corrosion. The OH- ions will 
then shift the pH into the alkaline region eventually passing the pH range at which a 
stable passive film exists pH 4.5 - 8. This range was the passive region for pure 
aluminium so it must be assumed that for the 2014A - T6 Al alloy the region would 
be similar but not the same as pure aluminium, as the alloying elements would make 
the alloy more active. The increase in hydroxide ion concentration would shift the pH 
past 8 and in turn begin to dissolve the aluminium matrix, forming Al(OH)3. The 
formation of this would be extremely slow. The potential of the uncoated 2014A -T6 
Al alloy was a great deal less negative than pure aluminium (approximately -1000mV 
versus SCE). As stated earlier, that the alloy contains the intermetallic precipitate 
CuAl2, this was the main factor that shifts the potential anodically. Two points to note 
are that the cathodic reaction takes place on the CuAl, precipitates when in solution, 
where as dissolution of the aluminium metal matrix occurs as the anodic reaction. 
4.5.2 Chromate treated 2014A -T6 Al alloy 
The results shown in table 4.10 are obtained for chromated samples of 2014A - T6 Al 
alloy. These results show (figure 4.3-4.6) that when the E, oR values are compared to 
the uncoated cleaned samples (both cleaned in Minco only and Minco/deoxidised in 
nitric acid) there was a small shift in the cathodic direction. This indicates that the 
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anodic sites have been coated leaving some of the cathodic sites, CuAI,, uncoated 
which shifts the potential or that both anodic and cathodic sites have been affected and 
the chromate was acting as a mixed inhibitor. The results for the RF, values show that 
there was a higher corrosion resistance when compared to an uncoated sample there 
was approximately a factor of ten increase in the protectability afforded to the 2014A 
- T6 Al alloy. The erroneous result from sample 3 was most probably due to poor 
coating adhesion possibly produce by the bath because of falling chromate 
concentration due to the other samples having been treated. 
Sample Run Number Eco«(mV vs SCE) R (S2cm2 ) 
Chromated 2014A- T6 Al alloy 1 -754 84.6 
2 -749 87.1 
3 -727 33.9 
fable 4.10 DC Polarisation results for 2014A-T6 Al alloy chromated from Alochrom 1200 
4.5.3 Treatment of 2014A-T6 Al alloy using sulphur containing compounds 
All the samples had triplicate panels in order to obtain a statistically significant view 
of E,, 0 and 
RP. Therefore, each value obtained can be used to compare each system 
and hence it should give a good indication of whether there was a shift in the anodic 
or cathodic direction of E, o, r 
indicating whether the coating was effecting the anodic / 
cathodic reaction or both. With reference to the Rp value, the average value of each 
system can be used to compare the resistance to electron movement through the 
coatings. The higher the RF, the harder it was for electrons to pass through the coating, 
therefore, it was a poor conductor, and hence a low corrosion current density should 
be seen, along with very little signs of corrosion. 
4.5.3.1 Sodium sulphide treatments 
Treatment Er°, 
T 
(mV Vs SCE) Rp (Qcm2) Mean Erorr Mean R,, (S cm2 ) 
(mV Vs SCE) 
20°C, 30 Seconds -659, -631, -639 27.7,10.4,9.6 -643 15.9 
20°C, 60 Seconds -684, -660, -663 7.0,13.8,7.2 -661 9.3 
40°C, 30 Seconds -626, -629, -686 8.1,7.05,7.9 -626 7.7 
40°C, 60 Seconds -649, -636, -659 6.9,12.0,18.5 -628 12.5 
Table 4.11: DC Polarisation results for 2014A-T6 Al alloy treated in Sodium Sulphide 
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The results obtained presented in table 4.11, figure 4.3-4.6 show that the potential in 
all the samples have been shifted in the anodic direction when compared to an 
uncoated cleaned sample. The greatest shift that occurred was from the samples 
coated at 40°C, where the Eß°11. value was shifted by approximately +60mV. From the 
mean R1, values, at all times and temperatures, it can be seen that all values are very 
similar to an uncoated, cleaned, sample of 2014A - T6 Al alloy (tables 4.8-4.9), 
indicating little corrosion protection has been afforded by the coating. However the 
iý°R values from the graphs show that some protection is afforded by the coating 
(having a corrosion current of around 3x10-3mV vs SCE) leading to a slight anomaly. 
This is most likely to have risen due to the way in which the PC calculates the Tafel 
constants in respect to the anodic and cathodic slopes of the graph. The cathodic slope 
as shown in 4.3-4.4 show that the cathodic reaction is still occurring indicating that 
the cathodic sites have not been coated effectively. The values of Ba and Bc are then 
used to calculate the value of B (using equation 4.6), and hence R. However due to 
the fact that 2014A-T6 Al alloy is not a true Tafel metal one can expect a certain 
amount of experimental scatter due to the values of B., and Bc obtained (which may 
vary slightly from experiment to experiment). So when the result and compared some 
variation will be noted, even for samples with identical experimental conditions. As 
for E, 
°R a small shift 
in valve for Ec°R will occur due to a very slight variation in 
composition of the alloy for each sample tested. 
From the results it can also be seen at all times and temperatures, the polarisation 
curves suggest that in the anodic direction, metal dissolution occurs, as there was a 
steady increase in current as the potential moves in the anodic direction. The cathodic 
region shows that the limiting current was reached almost immediately therefore the 
cathodic reaction on the CuA12 intermetallic was diffusion controlled. Therefore at 
this point the reaction that was occurring was producing OH" ions as fast as oxygen 
from the solution can diffuse to the surface of the alloy. On production of the OH- 
ions these will then react with the surface of the 2014A - T6 Al alloy as the sulphide 
coating was providing no inhibition of the reaction on the intermetallic surface. On a 
long immersion test a white precipitate on the surface was usually present, this 
occurred when a localised pH increase had taken place. 
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The overall inference that can be obtained from the sodium sulphide experiments was 
that the S2 ion does not seem to react with the copper of the intermetallic. It is 
therefore possible that there was a residual layer of Na2S left on the surface of the 
metal, when it was removed from the treatment solution, which would account for the 
slight shift of E, o, r 
in the anodic direction. As in this case the S2 would slightly inhibit 
the dissolution of the metal. There was a high possibility that some dissolution of the 
copper may take place. In a paper by Travseso et al("'), it was stated that the presence 
of sulphide ions were known to promote attack of Cu-Ni alloys, when exposed to 
aerated or deaerated seawater. This was one possible reason for the poor performance 
of the coating if we assume that the S2 may attack in a similar manner. 
4.5.3.2 Sodium thiosulphate treatment 
Treatment Ecorr (mV Vs SCE) Rp (S2cm2) Mean Ecorr Mean RV (S cm2 ) 
(mV Vs SCE) 
200C, 30 Seconds -674, -677, -683 6.2,10.4,5.3 -678 7.3 
20°C, 60 Seconds -684, -660, -663 6.4,4.1,4.2 -669 4.9 
400C, 30 Seconds -674, -687, -686 6.1,8.9,9.1 -682 8.1 
40°C, 60 Seconds -695, -672, -663 12.6,10.9,11.1 -676 11.5 
Table 4.12 DC Polarisation results for 2014A-T6 Al alloy treated in Sodium thiosulphate 
Sodium thiosulphate was used to treat 2014A - T6 Al alloy as it was seen as the next 
progression coating type from sulphide. The results obtained as shown in table (4.12, 
figure 4.3-4.6), show that there was only a slight shifting of E, °, r 
in the anodic 
direction for all times and temperatures, with reference to the cleaned uncoated 2014A 
- T6 Al alloy (-685mV vs SCE). The shift was approximately +10 to 15mV, 
suggesting that little or no coating has formed on the surface of the alloy. One reason 
for the lack of any coating formation may be due to the fact that the pH of the sodium 
thiosulphate solution was 8.0. This is a pH, where the alloy surface could be passive 
(using pure aluminium's E-pH diagram as a guide) and unreactive towards the sodium 
thiosulphate solution. The mean Ri, values show that for both coatings times at 20°C, 
the mean R. value was lower than that for the cleaned, uncoated alloy, indicating that 
the surface was more active. It can therefore be concluded that, at that temperature 
the sodium thiosulphate possibly activates the surface perhaps exposing the 
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precipitates. Thereby causing galvanic corrosion to occur at a greater rate. The 
polarisation curve for all times and temperatures are similar in shape, the anodic curve 
indicates rapid dissolution of aluminium metal with no passivation at all. This infers 
that the coating was providing no protection or inhibition of the CuAl2 intermetallic, 
which would reduce aluminium dissolution. The cathodic curve reaches the limiting 
diffusion current rapidly indicating that the reaction was under diffusion control. 
The rate of the cathodic reaction in all cases suggests, rapid production of OH- ions 
from the electrochemical reduction of oxygen. These are then able to react with the 
dissolving aluminium, forming Al(OH)3 and aluminium hydroxychlorides. 
4.5.3.3 Ammonium sulphide treatment ((NH. )2S) 
Treatment Ecorr (mV Vs SCE) Rp (f cm2) Mean Ecorr Mean Rp (fcm2 ) 
(mV Vs SCE) 
20°C, 30 Seconds -663, -656, -656 3.9,8.9,8.6 -658 7.1 
20°C, 60 Seconds -670, -682, -660 5.6,2.5,4.6 -670 4.2 
40°C, 30 Seconds -677, -682, -684 8.7,10.7,11.1 -681 10.2 40°C, 60 Seconds -664, -645, -678 10.0,10.1,7.6 -662 9.2 
Table 4.13: DC Polarisation results for 2014A-T6 Al alloy treated in Ammonium Sulphide 
Ammonium sulphide, as a conversion coating promoter, was investigated because it 
was thought the following reactions might occur on the surface of the 2014A - T6 Al 
alloy especially with the intermetallic, with a view to forming CuS on the 
intermetallic surface: 
(NH4)2S + Cu° CuS + 2NH3 + H, (4.8) 
NH3 + 1420 NH4OH (4.9) 
The results show that (table 4.13, figure 4.3-4.6) the Rp values for the 40°C, 30 
seconds sample also suggested this, by the fact that the Rr, value was close to that of a 
cleaned, untreated alloy sample. The other samples too, all had lower RP values. This 
indicates that the ammonium was possibly activating the surface, (and the 
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intermetallic as well) thereby enhancing galvanic corrosion when the samples were 
subjected to polarisation. The polarisation curves showed that in the anodic region, 
for all times and temperatures, rapid dissolution of the aluminium metal was 
occurring. The cathodic curve shows that the limiting current was reached almost 
immediately therefore the reaction was occurring at the fastest possible rate and was 
diffusion controlled. Therefore there was no coating on the cathodic sites to reduce 
the corrosion rate. The samples treated in solutions at 20°C had a lower Ri, value than 
the untreated 2014A - T6 Al alloy. This was possibly because any of the copper that 
was dissolved into the solution from the alloy surface, whether it was copper in a 
metallic form, or more likely copper in the +2 oxidation state, may react with the 
(ammonium in solution forming a complex 'a8). 
Cu° + NH3 [Cu (NH3)2]+ > [Cu (NH3)4]2+ (4.10) 
tetrammonium copper 
Therefore the copper was likely to diffuse away from the aluminium alloy surface as a 
complex, it was highly possible that the complex may breakdown as it was slightly 
unstable, redepositing either as copper metal on the surface or more likely as a copper 
compound. This could then increase the amount of copper on the surface and therefore 
increase the rate of corrosion. 
4.5.3.4 Thiourea treatments 
Treatment Ecorr (mV Vs SCE) Rp (S2cm2) Mean Ecorr Mean Rp (Qcm2 ) 
(mV Vs SCE) 
200C, 30 Seconds -661, -682, -679 7.3,10.3,10.2 -674 9.2 
20°C, 60 Seconds -675, -722, -694 6.9,5.8,6.9 -697 6.5 
40°C, 30 Seconds -677, -673, -686 9.1,8.0,9.7 -678 8.9 
40°C, 60 Seconds -686, -695, -676 9.0,10.3,10.4 -685 9.8 
Table 4.14 DC Polarisation results for 2014A-T6 Al alloy treated in thiourea 
As the results from the experiments with Na, S, Na2SZO1 and (NH4)2S were not very 
effective (in terms of corrosion resistance), it was thought that an organic-sulphur 
containing compound may be more effective, as many copper corrosion inhibitors are 
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organic compounds rather than inorganic compounds. For thiourea (table 4.14) both 
the mean E,, 0R values and the mean 
R1, values are almost identical to that of cleaned, 
untreated 2014A - T6 Al alloy. This may be because of the pH of the thiourea 
treatment solution, which was 6.6, well within the possible region of passivity of the 
Al alloy and was highly unlikely to attack the surface of the alloy sufficiently and 
therefore unlikely to form a coating. 
4.5.4 Organic based treatments for 2014A -T6 Al alloy 
4.5.4.1 Benzotriazole containing treatment solutions 
Benzotriazole is a widely used and seemingly effective inhibitor, it is an organic 
compound consisting of two ringed structures containing three nitrogen atoms in one 
ring. It is used as a corrosion inhibitor for copper. Faltermeier("') used benzotriazole 
as a corrosion inhibition for archaeological artefacts to prevent further corrosion. It is 
said to leave a polymeric layer of copper and benzotriazole on the metal surface of the 
artefact, which is partially insoluble in water. 
4.5.4.2 Benzotriazole only treatment 
Treatment Er°rr(mV Vs SCE) Rp (c cm2) Mean Ecorr Mean R,, (Qcm') 
(mV Vs SCE) 
20°C, 30 Seconds -592, -617, -610 10.2,6.9,9.5 -606 8.9 
20°C, 60 Seconds -635, -590, -620 11.4,6.7,8.4 -615 8.8 
40°C, 30 Seconds -612, -634, -609 17.2,12.4,11.3 -618 13.6 
40°C, 60 Seconds -630, -619, -621 10.4,1 1.0,10.5 -623 10.6 
Table 4.15 DC polarisation results for 2014A-T6 Al alloy treated in benzotriazole 
From table 4.15 and figure 4.7-4.18 it can be seen that at all times and temperatures 
there was a very large shift in the anodic direction of the mean Ec0R for all times and 
temperatures of between +70 and 90mV when compared to an untreated sample. This 
indicates inhibition of the anodic reaction, but on examining the R, values, they are 
similar to the uncoated alloy. It can be concluded that the benzotriazole may be 
forming on the surface of the oxide film on the aluminium as the pH of benzotriazole 
was 4.6, where the alloy would still just be passive. However, the film on the surface 
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of the oxide may be enough to cause a shift in the anodic potential or it was possible 
some of the benzotriazole was able to block the pores in the oxide film. On 
examining the polarisation curves the anodic curve, benzotriazole may inhibit 
dissolution of the aluminium, because as the potential rises in the anodic direction, the 
current also increases. As for the cathodic curve for the first time, a slightly different 
cathodic curve was seen in all cases, the curves gives a trend where both transport and 
activated change transfer are rate determining. The inclusion of the activation region, 
points towards some form of inhibition of the anodic reaction (metal disolution from 
the surface) seems to be taking place. This indicates that the benzotriazole was 
inhibiting the intermetallic, the possible mechanism was not clear cut as benzotriazole 
with a pH of 4.6 was unlikely to react directly with the metal surface, due to the 
passive oxide film. 
4.5.4.3 Acid benzotriazole treatment 
Treatment E,., (mV Vs SCE) R,, (Qcm2) Mean Ecorr Mean Rn (Qcm2 ) 
(mV Vs SCE) 
20°C, 30 Seconds -557, -558, -555 40.6,23.2,33.6 -557 32.4 
20°C, 60 Seconds -547, -502, -584 35.6,34.0,29.3 -544 32.9 
40°C, 30 Seconds -600, -518, -575 14.0,57.4,22.8 -564 31.4 
40°C, 60 Seconds -568, -502, -535 30.1,27.7,43.1 -535 33.6 
Table 4.16 DC Polarisation results for 2014A-T6 Al alloy treated in acid benzotriazole 
Compared to the benzotriazole-only treatment, the acid benzotriazole treatment shown 
in table (4.16) proved to be more effective. The initial thought behind this coating 
was to add the benzotriazole to the acid deoxidising stage as a pre-treatment inhibitor. 
On analysis of the results, mean E,, 0R values 
for all temperatures and times (as can be 
seen in table 4.16) and figure 4.7-4.16) have been shifted by about +150mV in the 
anodic direction compared to the uncoated 2014A - T6 Al cleaned alloy. The mean RT, 
differs greatly from that of the uncoated cleaned alloy, ranging from 31.4 - 33.6 for all 
times and temperatures, indicating that the benzotriazole was providing some 
corrosion protection, this was also confirmed by the anodic and cathodic polarisation 
sweeps. In all of the anodic sweeps about +15mV after E,.,, the polarisation curve 
drops back by about l OmV indicating that passivation may be occurring, promoted by 
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the adsorption of the benzotriazole molecules. Although this only lasts briefly and 
subsequently the current rises as the potential increases, indicating that metal 
dissolution was taking place. The cathodic polarisation curves shows that both mass 
transport and activated charge transfer are rate-determining steps with a limiting 
current occurring of lOmA. Possible reasons as to why the acid benzotriazole was 
more effective than previous treatments was because, within the solution, the 
benzotriazole was able to reach the surface of the alloy as the oxide film has been 
removed by the action of acidic solution (pH 1). Once removed, the oxide was able 
then to reform on the surface of the Al alloy above the benzotriazole layer, whether it 
coats just the CuAI2 intermetallic was not clear, it was more likely that the 
benzotriazole coats the whole surface. However, in a paper by Tromans and Sun(14`ý, 
an experiment was carried out to study the polarisation of copper in inhibitor 
solutions. When benzotriazole was added at pH 1, a small passivation region was 
seen, in the anodic direction after E,, oR, they commented that this was possibly 
due to 
the interaction of benzotriazole and the oxide free copper. This theory has been 
confirmed by further work published by Tromans and Silva(143), who stated that rather 
than being adsorbed on the surface, benzotriazole was forming a film of copper 
benzotriazole. Their polarisation experiments produced a small drop in current in the 
anodic region akin to a small passivation peak. The exact mechanism for the 
formation of copper benzotriazole in the presence of chloride, is a two-stage 
mechanism (143) as stated as in equations 4.11 and 4.12 
Cu" + 2C1 CuC1, - (4.11) 
CuC12 + BTAI-I CuBTA + H+ 2C1- (4.12) 
The stability of the film formed on 2014A - T6 Al alloy maybe fragile as shown by 
the peak in the anodic region. Tromans and Silva (143) stated that on moving further in 
the anodic direction the CuBTA inhibitor breaks down within about +l00mV of E., r, 
it should be noted that if the BTA was reacting with the copper of the intermetallic, 
then this may account for the small shift and passivation peak. 
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4.5.4.4 2014A - T6 Al alloy treated from a solution containing sodium sebacate 
Sebacic acid has been used by Jeffcoat('2' as a corrosion inhibitor for aluminium. It 
was found that when sebacic acid was added to sodium hydroxide in a1: 2 ratio it 
formed sodium sebacate: 
2NaOH + H02C(CH2)8CO, H NaOC(CH2)8CONa + 2H, O (4.13) 
Jeffcoat(127 showed that when using low concentrations of sodium sebacate 0.1 M 
these solutions could protect aluminium alloys containing 5% Cu. On immersion 
into a solution containing O. 1M sodium sebacate and varying chloride concentrates 
ranging from 0.005M - 0.5M, the sodium sebacate inhibited attack on the surface of 
the alloy by anodic inhibition for up to 7 days (tables 4.17-4.19). 
Solution Number Concentration of Cl- 
1 0.005 
2 0.01 
3 0.05 
4 0.1 
5 0.5 
Table 4.17 Table of chloride concentrations used in the different solutions with 0.1 M sodium sebacate. 
(Jeffcoat(127 ) 
Time Solution Electrode Potential / mV Vs SCE 
7 days 1 1 -473 
2 -503 7 days 2 I -478 
2 -487 
7 days 3 1 -556 
2 -580 
7 days 4 I -570 
2 -625 
7 days 5 I -630 
2 -660 
Table 4.18 Results of an alloy of 5% Cu / Aluminium in OA M sodium sebacate and varying chloride 
concentrations after 7 days as stated by Jeffcoat (127) 
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Time Solution Electrode Potential / mV Vs SCE 
14 days 1 I -493 
2 -520 
14 days 2 1 -500 
2 -484 
14 days 3 I -587 
2 -613 
14 days 4 1 -640 
2 -658 
14 days 5 I -625 
2 -635 
Table 4.19 Results of an alloy of 5% Cu / Aluminium in O. 1M sodium sebacate and varying chloride 
concentrations after 14 days as stated by Jeffcoat ('Z') 
Treatment E°°, 
r(mV 
Vs SCE) Rp (S2cm2) Mean E°°R 
(mV Vs SCE) 
Mean R1, (Qcm2 ) 
20°C, 30 Seconds -675, -689, -630 12.5.11.6,17.8 -664 13.9 
20°C, 60 Seconds -692, -681, -677 11.1,15.2,12.5 -683 12.9 
20°C, 120 Seconds -681, -664, -661 12.4,1 1.2,11.3 -668 11.6 
40°C, 30 Seconds -667, -678, -663 14.6,12.1,13.0 -669 13.2 
40°C, 60 Seconds -688, -685, -671 11.0,8.5,13.2 -681 10.9 
40°C, 120 Seconds -689, -686, -684 10.7,16.1,21.0 -686 15.9 
60°C, 30 Seconds -689, -666, -684 11.0,13.0,12.1 -679 12.0 
60°C, 60 Seconds -670, -674, -660 10.7,1 1.5,11.5 -668 11.2 
60°C, 120 Seconds -672, -678, -655 11.3,11.6,11.5 -668 11.4 
Table 4.20 DC Polarisation results for 2014A-T6 Al alloy treated in sodium sebacate 
The Eco,., value was still shifted in the anodic direction (figure 4.14), however, on 
increasing the concentration of the chloride ions the Ec,,,, value became closer to that 
of which one would expect the free corrosion potential of the alloy to be at i. e. 
around -650 to -700mV versus SCE. Jeffcoae127) states that the E,, 0R values that 
were obtained were most probably attributed to pitting corrosion taking place on the 
metal surface, as the alloy was prone to aggressive attack from chloride ions. After 
14 days Jeffcoat found that the E, 0R values 
had changed very little indicating that 
the sebacic acid was still covering the surface acting as possibly ,a "film former". 
Again at the higher concentrations of chloride ions, the E,, 0R value were still mainly 
due to pitting. Samples were coated in the solution at the times and temperatures 
as stated in table 4.20 and removed. The samples were then tested and results 
shown in table 4.20. The results indicate that at all times and temperatures the 
sodium sebacate seemed to fail to coat the alloy surface giving both R1, values and 
E, 
0 values similar to the cleaned, uncoated alloy. From this it was concluded that 
for sodium sebacate to be effective it needs to be either added to the corrosive 
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environment (as Jeffcoat did); or it needs to be incorporated within a coating next to 
the surface of the Al alloy. Thus in further trials, sebacic acid was added to a 
sodium vanadate solution. 
4.5.4.5 2014A - T6 Al alloy treated from a solution containing 2.21g/l sodium 
azelate 
Treatment Ec°rr(mV Vs SCE) Rn (S2cm2) Mean Ecorr 
(mV Vs SCE) 
Mean R, (Qcm2 ) 
20°C, 30 Seconds -691, -693, -692 10.9.11.3,11 -692 11 
20°C, 60 Seconds -683, -691, -691 11.9,9.7,10.3 -691 10.6 
20°C, 120 Seconds -692, -699, -703 12.3,10.5,11.9 -698 11.6 
40°C, 30 Seconds -670, -695, -692 13.6,7.62,1 -685 7.4 
40°C, 60 Seconds -690, -663, -707 9.7,12.2,15.6 -686 12.5 
40°C, 120 Seconds -696, -694, -704 12.1,9.8,11.1 -698 11 
60°C, 30 Seconds -691, -701, -702 9.4,9.4,9.2 -698 9.3 
60°C, 60 Seconds -697, -703, -690 9.7,8.9,9 -697 9.2 
60°C, 120 Seconds -702, -700, -699 12.9 11.6,10.7 -700 11.7 
Table 4.21 DC Polarisation results for 2014A-T6 Al alloy treated in sodium azelate 
In this experiment azelaic acid was used rather than sebacic acid. The results obtained 
(table 4.21) for both Ec0R and RF, show that for all times and temperatures the mean 
E0 value was close to that of the cleaned uncoated alloy and this was also reflected 
by the value of R1, which also appears to be similar to that of the uncoated alloy. It 
can therefore be concluded that the sodium azelate does not form an effective film 
over the surface of the alloy and does not provide significant corrosion protection. 
This was quite surprising as in the paper by Samuals('28), it states that the magnesium 
salt of azelaic acid has been stated by Mayne(4'), as an effective chleating agent and 
an effective corrosion inhibitor for aluminium. It was also stated that other metal 
azelates should be as effective. 
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4.5.5 Sodium orthovanadate based treatment 
4.5.5.1 2014A - T6 Al alloy treated from a solution containing IOg/l sodium 
orthovanadate 
Sample Run Number ECort(mV Vs SCE) R (c cm2) 
60°C 60 seconds 1 -615 72 
2 -660 38.7 
3 -693 32.4 
Table 4.22 DC Polarisation results for 2014A-T6 Al alloy treated in sodium orthovanadate at 60°C 
The uncoated cleaned sample of 2014A - T6 Al alloy results (table 4.8, figure 4.14) 
had a mean E,, 0 of -686mV versus 
SCE whereas the 2014A - T6 Al alloy coated from 
the sodium orthovanadate solution had an ECO, r value of -656mV versus SCE. This 
suggests a slight shift in the anodic direction possibly indicating that the vanadate was 
coating the aluminium. At the same time the anodic shift indicated that the CuAI, 
precipitates are not being coating. As the shift in the anodic direction would suggest 
that the aluminium matrix was being coated leaving the more noble electropositive 
element to shift the E, 0R potential in the anodic direction. The R. value of uncoated, 
cleaned 2014A - T6 Al alloy was approximately 11 Surn- whereas the vanadate 
coated sample has a RF, value of 48 S2cm2, a marked difference. The reason for the 
increase in R1, was possibly due to the thick coating formed which will reduce 
penetration by chlorides and prevent oxygen movement to the CuAl, - Al matrix 
interface and possibly inhibiting the cathodic reaction. 
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4.5.5.2 2014A - T6 Al alloy treatment for a sodium orthovanadate solution 
containing benzotriazole 
Treatment Ecorr (mV Vs SCE) Rp (Qcm2) Mean Ecorr 
(mV Vs SCE) 
Mean Rp (S2cm2 ) 
20°C, 30 Seconds -654, -689, -661 13.3,24.2,25.6 -668 21.0 
20°C, 60 Seconds -693, -606, -600 69.2,58.9,86.0 -633 71.4 
20°C, 120 Seconds -633, -618, -581 38.5,57.4,109.0 -611 68.3 
40°C, 30 Seconds -650, -689, -692 56.6,25.7,25.7 -677 36.0 
40°C, 60 Seconds -660, -663, -672 33.3,26.0,28.0 -665 29.1 
40°C, 120 Seconds -672, -669, -653 41.0,31.3,34.3 -665 35.5 
60°C, 30 Seconds -651, -638, -674 38.0,50.0,44.5 -654 44.2 
600C, 60 Seconds -613, -612, -648 108.0,78.5,83.0 -624 89.8 
60°C, 120 Seconds -614, -646, -566 60.0,75.7,141.0 -608 92.2 
Table 4.23 DC polarisation results for 2014A-T6 Al alloy treated in a solution of sodium 
orthovanadate and benzotriazole 
The results for this treatment system (table 4.23, figure 4.7-4.16) show that at 20°C 
the best coating immersion time was 60 seconds, which gives an R. value of 71.4 
Qcm2, this was significantly greater than that for the uncoated and the vanadate 
treated samples. The Ec 
, °R was also shifted 
in the anodic direction indicating the 
aluminium has possibly been passivated. Most samples had E, °R values of around - 
600mV versus SCE, with high R1, values if the immersion time was extended to 2 
minutes. In all the data, the value of Ec°R has been shifted in the anodic direction with 
one value of -581 mV versus SCE having a Rj, value of 109 Qcm2 indicating a more 
protective coating. It can be concluded, that if the best vanadate has a mean E°°f value 
of -656mV versus SCE and RP value of 47.7 S2cm2, then both the 20°C for 60 seconds 
immersion and 2 minute immersion treatments suggest that the benzotriazole ion aid 
improvement of the corrosion resistance of the coating. However, this result needs to 
be used in conjunction with the salt spray results to obtain a more meaningful insight 
into the `long term' corrosion resistance of the coating. 
The results obtained for the 40°C coatings indicate that no increase in corrosion 
resistance was gained over the vanadate-only coated sample. At all of the treatment 
times, none of the R1, values for the sodium orthovanadate / benzotriazole solution 
were larger than the mean R1, value for the vanadate-only treated sample. The E, °, r 
values of the sodium orthovanadate only sample at 60°C for 60 seconds were similar 
to the values obtained for the samples treated at 60°C with benzotriazole. The 60 
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seconds immersion and 2 minute immersion time, had E,,,, values shifted in the 
anodic direction along with the RT, values which were almost double that of a 
vanadate-only treated sample, suggesting that at the optimum conditions for a 
vanadate coating, the benzotriazole almost doubles the R. P value. This suggests that 
the benzotriazole was having a corrosion inhibiting effect and that this was possibly 
due to the removal of a hydrogen atom from the benzotriazole in the alkaline vanadate 
solution. It was therefore possible, that, although there was a shift in E,,., in the 
anodic direction indicating coating of the aluminium, it was possible that the 
benzotriazole was attached to the intermetallics. The attraction may be due to the lone 
pair of electrons left on the nitrogen, which could bond with the copper in the 
intermetallic thereby enabling the inhibition of the cathodic reaction. 
4.5.5.3 2014A - T6 Al alloy treated from a solution containing IOg/1 sodium 
orthovanadate and acid benzotriazole 
Treatment Ecorr (mV Vs 
SCE) 
Rp (c2cm2) Mean Ecorr(niV 
Vs SCE) 
Mean Rp (C cm2 ) 
20°C, 30 Seconds -573, -547, -602 56.8,35.1,54.3 -574 48.7 20°C, 60 Seconds -606, -616, -625 56.3,50.2,32.5 -615 46.3 
200C, 120 Seconds -621, -596, -655 14.2,43.7,16.6 -624 24.8 
40°C, 30 Seconds -650, -627, -614 22.6,27.4,29.2 -630 26.4 
40°C, 60 Seconds -643, -645, -632 10.6,53.1,23.0 -640 28.9 
40°C, 120 Seconds -636, -627, -574 21.3,36.5,13.3 -612 23.7 60°C, 30 Seconds -574, -564, -644 28.1,15.7,14.1 -594 19.3 
600C, 60 Seconds -628, -622, -647 14.8,19.6,14.2 -632 16.2 60°C, 120 Seconds -616, -575, -636 28.1,20.7,19.9 -609 22.9 
Table 4.24 DC Polarisation results for 2014A-T6 Al alloy treated in acid benzotriazole and sodium 
orthovanadate 
The aim of this experiment was to see if treating the 2014A-T6 Al alloy in a solution 
containing HNO3 would remove the oxide film, this should enable both the 
benzotriazole molecules and vanadate species to react with the alloy surface. This 
could therefore possibly produce an effective coating, however, from the results 
shown in table 4.24 it can be seen that the Rp values are less than those of the best 
vanadates. It can therefore be assumed that the vanadate species possibly exists as the 
vanadate V024. Due to the pH value of around 2 (this would indicate that the natural 
species at this pH that was formed was the V10O286", which was unstable and breaks 
down into the VO, ' species, which was slightly yellow in colour and this can colour 
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the alloy surface. But only slightly, indicating that it may not be present all the time 
or that the benzotriazole binds with it or, that the V10028`- was prevented from 
breaking down by the benzotriazole. From this we can assess the possibility that the 
vanadate species that was present, does not form effectively on the surface. Therefore 
the alloy surface that was left may be covered by benzotriazole due to chemisorption 
which might indicate why there was a slight shift in the anodic potential for all times 
and temperatures. Suggesting that the aluminium-rich matrix has some form of 
coating. From these results (table 4.24) we can conclude that the vanadate / acid 
benzotriazole system provided some protection if you compare it to tables 4.8-4.9, 
however it is possible that over extended immersion times that the benzotriazole may 
leach out of the coating and no longer provide and protection. 
4.5.5.4 2014A - T6 Al alloy treated from a solution containing sodium 
orthovanadate and sebacic acid 
Treatment Ec°rr (mV Vs SCE) Rp (c cm2) Mean E, °n. (mV Vs SCE) 
Mean R,, (Qcm2 ) 
20°C, 30 Seconds -691, -685, -686 10.3,12.6,18.2 -687 13.7 
20°C, 60 Seconds -690, -691, -729 23.6,21.2,81.6 -703 42.1 
20°C, 120 Seconds -737, -685, -698 30.1,14.2,11.1 -706 18.5 
40°C, 30 Seconds -691, -689, -687 9.8,12.1,11.3 -689 11.0 
40°C, 60 Seconds -664, -684, -669 35.1,15.3,57.0 -672 35.8 
40°C, 120 Seconds -721, -709, -695 21.1,30.2,28.7 -708 26.6 
60°C, 30 Seconds -689, -721, -697 30.1,21.1,22.1 -702 24.4 
60°C, 60 Seconds -689, -695, -683 13.7,22.6,17.2 -689 17.8 
60°C, 120 Seconds -689, -797,747 10.1,64.3,57.2 -744 43.8 
Table 4.25 DC polarisation results for 2014A-T6 Al alloy treated in sodium orthovanadate and sebacic 
acid 
In the results (table 4.25 and figure 4.7-4.16), the mean E°°, r value 
for all times and 
temperatures (except 60°C for 2 minutes) was very similar to that of a poorly coated 
vanadate-only sample. This may be because the sodium sebacate was forming a film 
on the surface of the 2014A - T6 Al alloy initially and preventing a reaction from 
effectively taking place. The 60°C, 2 minute immersion, result shows that this was 
possibly happening here, as the mean E. 
, °R 
was -747mV versus SCE and the mean RP 
was 43.8 Qcm2, showing that the cathodic reaction was being retarded due to the shift 
in EC°, 
T value. But the RP value was still not as effective as the best vanadate. It can 
therefore be concluded that the production of a coating may not be reproducible. 
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These results on their own do not reflect the possible corrosion resistance that these 
coatings may possess and in this case the salt spray results will be an invaluable extra 
source of information about the effectiveness of the coating. 
4.5.5.5 2014A - T6 Al alloy treated from a solution containing sodium 
orthovanadate and azelaic acid 
Treatment Ecorr(mV Vs SCE) Rn (fcm2) Mean ECorr 
(mV Vs SCE) 
Mean R,, 
(f)em2 ) 
20°C, 30 Seconds -626, -639, -668 37.4,112.0,58.1 -644 69.2 
20°C, 60 Seconds -578, -619, -671 77.8,57.0,195.0 -622 109.9 
20°C, 120 Seconds -591, -624, -691 230.0,283.0,98.5 -635 203.8 
40°C, 30 Seconds -611, -645, -639 105.0,57.2,74.2 -631 78.8 
40°C, 60 Seconds -578, -661, -578 685.0,229.0,1030.0 -605 64.8 
40°C, 120 Seconds -628, -625, -662 45.2,1120.0,67.8 -638 411.0 
60°C, 30 Seconds -559, -509, -609 426.0.1730.0,61.2 -559 598.0 
60°C, 60 Seconds -616, -617, -644 210.0,134.0,126.0 -625 156.6 
60°C, 120 Seconds -651, -651, -618 88.2,108.0,153.0 -640 116.4 
Table 4.26 DC Polarisation results for 2014A-T6 Al alloy treated in sodium orthovanadate and azelaic 
acid 
The same theory for blocking the pores in the coating applies when the azelaic acid 
was added to the vanadate solution. The vanadate solution again converts the azelaic 
acid to sodium azelate as the resultant pH of the coating solution was 11.7, which was 
also alkaline enough to dissolve the oxide film. If we look at the vanadate / sodium 
sebacate solution; the pH of the system was 10.3. Therefore the azelate-based solution 
has a much higher pH possibly enabling the oxide film to be dissolved from the 
surface of the alloy more effectively than in the vanadate / sodium sebacate solution, 
and therefore it may react with surface more efficiently leading to a more protective 
coating. This theory appears to be justified, as all the values of RP indicate a greater 
corrosion resistance, than even the vanadate on its own can provide. This even occurs 
at the low temperature of 20°C and treatment time of 30 seconds, with a Rr, value of 
69.2 Qcm2 and an E, °,. value of -644mV 
Vs SCE. Inhibition of the aluminium-rich 
matrix rather than the CuAl, intermetallic was suggested, as the Ec°R value was anodic 
suggesting a higher driving force from the CuAl2 as the aluminium rich matrix sites 
are blocked which would force the potential in that direction. 
The values of R,, at 20°C increase as the immersion time increases indicating a more 
corrosion resistant coating was forming on the surface. The corresponding Ec°, T value 
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indicates a shift again in the anodic direction, suggests a more effective coating on the 
aluminium matrix. The same statement was applicable for the 2 minute immersion 
time, where the mean RP value was even higher at 203 Qcm2 with an anodic shift of 
Ec°R to -635mV versus SCE. From these results it can be seen that even at this low 
temperature the vanadate / sodium azelate treatment system was more effective than 
the vanadate only treatment of 60°C for 60 seconds, suggesting that the pH of the 
solution may well effect the effectiveness of the treatment. It may also be possible that 
the sodium azelate helps to block coating cracks leading to an effective coating 
surface. As for the corrosion resistance the RP almost doubles each time the 
immersion time was doubled, suggesting that time, in this instance, it was a rate- 
determining step i. e. longer immersion time thicker coating leading to an increases 
corrosion resistance. 
The 40°C baths show similarly high values for RP, the 40°C, 30 second treatment gives 
a mean RP of 78.8 Qcm2 almost double the normal vanadate treatment. The 40°C 
treatment at 60 seconds has an extremely high mean value of RP, 648 Stem' and with a 
large anodic shift with E°°, r 
having a value of -605mV versus SCE. It can be suggested 
that the aluminium alloy has been effectively coated and was not as porous to Cl- ions 
as other treatments. The 40°C at 2 minutes has a high mean RP value of 411 SZcm2 
mainly due to one of the samples giving an RP value of 1120 Qcm2, with the other two 
samples having RP values of 45.2 and 67.8 Qcm2 respectively. With this result there 
was one of two possibilities that apply, firstly the high value are an erroneous result 
and the other two are more feasible. However, as has been apparent with the sebacic 
acid it was possible these two samples did not coat possibly due to the sodium azelate 
inhibiting the initial coating formation therefore giving much lower results than would 
be expected. In table (4.26) it can be seen that the range of values for RP range from 
61.2 -1730 Qcm2 for the treatment at 60°C 30 seconds and this clearly shows that 
good results could be obtained if the coating could be effectively deposited. 
The samples of 2014A - T6 Al alloy treated at 60°C show slightly unusual results for 
30 seconds immersion. The mean Rr, value was high at 739 cZcm2, with a large range 
of 598 S2en2 and a large shift of the E, 0R value to -559mV versus SCE, again 
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suggesting effective anodic inhibition of the aluminium. However, both the 60 
seconds immersion and 2 minutes immersion have much lower mean R1, values 
pointing towards a less effective coating. It was therefore possible that the samples 
were not coated properly due to inhibition by the sodium azelate molecules that are 
formed initially in the solution, adhering to the alloy surface. The coating process then 
becomes uncertain, this then effects the coating process and was reflected in the 
results table 4.26, figure 4.7-4.16). The range of values of R. for those two treatment 
times was quite varied with both Ec°,, values being shifted in the anodic direction 
again. From all the results one can conclude that coating formation does not always 
occur effectively indicating that an additive maybe needs to be added to aid coating 
deposition. The results for 60°C at 60 seconds and 2 minutes, therefore, may not 
reflect possible benefits in corrosion protection. 
4.6 Salt spray corrosion testing of various conversion coating treatments 
applied to the surface of 2014A - T6 Al alloy according to the standard 
ASTM B117 
The main factor that effects the protective capabilities of a coating for aerospace 
alloys is the interaction with chloride ions from sea spray and atmospheres where the 
aircraft are stationed. Corrosion will occur if the airport or holding areas are close to 
the coastline, the aircraft will also be exposed to a salt spray atmosphere whilst flying 
over the sea. The salt spray can be carried many miles inland and once it was in 
contact with the surface of the aircraft the chloride ions can easily attack the 
conversion coatings if the paint layer above it is damaged or has been removed. In a 
paper by Aziz and Godard("') they state the main factor by which non-ferrous metals 
corrode in the atmosphere are determined by the amount of water vapour present. 
This means moisture can be adsorbed on to the surface of the metal and can be utilised 
in the cathodic reaction and that oxygen was able to diffuse into the moisture, the rate 
of reaction was only then limited by the rate of diffusion and concentration of oxygen. 
This in turn will be controlled by humidity, also the warmer it was, the faster the 
diffusion rate and the greater the solubility of the oxygen. Another major factor they 
state (145) was the presence of pollutants in the atmosphere such as hydrogen sulphide 
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and sulphur dioxide. Sulphur dioxide will become acidic when dissolved into a 
moisture film, thereby lowering the pH, this then is able to attack the aluminium and 
cause an increase in corrosion. This was due to the dissolution of the oxide film. Aziz 
and Godard( 14') also state that sulphur trioxide can cause similar attack by dissolving 
in the moisture. In their paper they investigated the reaction of atmospheric vapour 
with super purity aluminium and 3003 Al alloy, they found that a corrosive 
atmosphere containing SO2, at high humidity, caused a rapid increase in corrosion. 
These comments were confirmed by Foley (146 , when discussing localised corrosion of 
aluminium alloys. In reality, however, corrosion on the surface of an aerospace alloy 
may take years to establish itself. As corrosion is quite slow to occur, outdoor testing 
may take many years to assess a coating, a quicker method had to be established to 
see if a coating was effective at protecting a surface. A test designed to aid evaluation 
and classification of the protectability of the various treatments was the neutral salt 
fog test in a salt spray cabinet. This piece of apparatus keeps the salt fog produced at 
constant temperature, humidity and concentration and enables reproducible tests to be 
carried out. The test used for the coatings produced on the 2014A - T6 Al alloy 
consisted of spraying a 5% salt fog over the panels at a temperature of 35.5"C, the 
panels were left in the cabinet for 14 days. The conditions described are in line with 
ASTM B 117, which is used as a standard test method. Companies such as Matra BAe 
regard the corrosion experiment by a panel in a salt spray cabinet over 14 days as 
equivalent to 20 years exposed to the atmosphere( 15). The type of corrosion 
experienced by the 2014A - T6 aluminium alloy in this environment are pitting, and 
the formation of white corrosion products. 
4.6.1 Salt fog exposure of uncoated 2014A - T6 Al alloy 
After 24 hours exposure rapid corrosion had occurred (figure 4.33) and there existed a 
white corrosion product over the entire surface. This in itself was an extremely rapid 
reaction. Foley (146 states that the chloride ions are adsorbed on to the surface of 
aluminium and then break down the passive oxide film, forming corrosion products 
containing a mixture of Al(OH)2C1, Al(OH)Cl,, AIC11. These corrosion products are 
soluble and have the ability to be washed off the surface by further salt spray, leaving 
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a fresh metallic surface exposed. With the inclusion of CuAl2 intermetallics in the 
alloy, which are noble to the aluminium, galvanic corrosion will occur. This process 
leads to the second observation, that after 48 hours, further corrosion product build up 
was seen and the first evidence of black spotting was noted. This was due to the re- 
distribution of copper (de-alloying), that had migrated out of the CuAl2 intermetallic 
near this point. Initially little or no pitting was seen. After 96 hours white corrosion 
product can be seen over the entire surface, and pits could be seen where the 
surrounding corrosion product and the porous hydroxide diaphragm covering the pit 
had collapsed. The pitting itself and the collapse of the pits leads to further corrosion. 
This carried on until after 336 hours, when no observable change was noted and the 
entire surface was covered by a white corrosion product, which covered the deep pits. 
4.6.2 Salt fog exposure of Alochrome 1200 chromate treated 2014A - T6 Al 
alloy 
Chromate treated 2014A - T6 aluminium alloy had a yellowish iridescent colouration, 
which when exposed to the salt fog was highly corrosion resistant and was able to 
protect against corrosion for in excess of 336 hours (figure 4.33). The protective 
mechanism of the chromate conversion coating was due to the presence of Cr`' in the 
coating. When attacked by an aggressive ion such as Cl" the Cr6' ion is reduced to Cr; t 
that then was able to form Cr203 or CrC13. This then seals the surface and stops any 
further attack, until the repassivated area was attacked once again. Eventually the Cr` ' 
in the coating was used up and the chloride ions begins to break down the chromate 
coating, after 512 hours the first onset of pitting can be seen. From there on, 
corrosion increases and it seems as if pitting occurs before the formation of white 
corrosion products, indicating that galvanic corrosion occurs first. This then leads to 
the formation of the white corrosion products which start to build up on the surface as 
the pH in the pit becomes more acidic and enables the formation of AICI3, Al(OH)2C1, 
Al(OH)Cl2 26 
. The coating was broken down to >95% of the surface after 600 hours. 
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4.6.3 Salt fog exposure of 2014A - T6 Al alloy treated from a 0.025M sodium 
sulphide solution 
The alloy was treated in the solution at a temperature of 20°C, 40°C and for periods of 
30 and 60 seconds. At higher temperatures the sulphide gave off a pungent odour, 
ruling those conditions out, if it was to be used as a commercial bath. When the 
2014A - T6 Al alloy was coated at 20°C for 30 and 60 seconds, the results (figure 4.33 
shows the time to failure of the most corrosion resistant coating for the treatment) 
showed after 24 hours that the alloy had corroded rapidly over most of the panel 
surface. This produced voluminous white corrosion product over approximately 70% 
of the surface with some areas of alloy untouched. After 48 hours the panel was 
covered by white corrosion products, mainly consisting. of A1(OH)2Cl, A1(OH)C1,, 
AlCl3 as noted by Foley (146). At this time the first evidence of pits can be seen as the 
white corrosion product over the pit collapses. After 96 hours, there was pitting over 
the whole surface and after 168 hours extensive deep pits were seen. These results 
indicate that the coating provides no protection whatsoever and may even accelerate 
corrosion. There appeared to be no evidence of the S'-- coating the CuAl2. 
The results obtained when the alloy was coated at 40"C for both 30 and 60 seconds 
show that there was certainly a reduction in the corrosion rate compared to 20°C. 
After 24 hours only about 60% of the surface had white corrosion product on it with 
some pitting. After 48 hours this had increased to 70% with some uncorroded areas, 
after 96 hours the amount of white corrosion product had increased to 80% with the 
pit sites covered by the corrosion product. The entire surface was covered with white 
corrosion product after 168 hours. 
4.6.4 Salt fog exposure of 2014A - T6 Al alloy treated from a solution 
containing 0.025M ammonium sulphide 
The aim of using ammonium sulphide was to allow the sulphide to react with copper 
in the intermetallic and the ammonium would then be evolved, dissolving in the 
surrounding water ideally leaving no residues. When treated at 20°C for 30 seconds in 
the ammonium sulphide after 24 hours only 30% of the panel had reacted with the salt 
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fog, there was some evidence of pitting and slight mottling of the surface (different 
colours) and traces of white corrosion products could be seen. After 48 hours 50% of 
the surface had been covered by white corrosion product mostly covering the pits, 
after 96 hours 70% of the surface was covered by the white corrosion product. Even at 
this stage some areas still were untouched and some inhibition may be taking place 
either by inhibition of the copper or the aluminium. It was only after 168 hours that 
the 2014A - T6 alloy panel was covered by corrosion product indicating the total 
failure of the coating. These results (figure 4.33 shows the time to failure of the most 
corrosion resistant coating for the treatment) are mirrored when the coating time was 
increased to 60 seconds, except after 24 hours 60% of the alloy surface was covered 
by white corrosion product and pitting. This increases to 70% after 48 hours with 
heavy pitting and some black areas / spotting. The black spotting was likely to be due 
to copper redistribution (de-alloying) and this was why after 96 hours the whole 
surface was covered by white corrosion product due to increased galvanic activity and 
would account for the extensive pitting seen after 168 hours. 
Similar results are seen when the coating temperature was raised to 40°C for both 30 
and 60 seconds. After 24 hours the panels were 40% covered with white corrosion 
products for the 30 seconds sample and 70% for the 60 seconds. The corrosion 
product were similar to that of the 20°C for 30 seconds coating, which was much less 
than that of an uncoated sample. The amount of corrosion increases to 50% for 30 
seconds and 90% for 60 seconds after 48 hours. After 96 hours there was white 
corrosion product over the whole surface of both types of coated panels in a 
downward streaking pattern with an increase in pitting from that of 48 hours. After 
168 hours there was extensive pitting emerging under the white corrosion product. 
There was a possibility that the sulphide forms a film over the surface of the alloy due 
to the ammonia removing the oxide film. It was unlikely that the sulphide ion reacts 
with the copper forming copper sulphide and thereby becoming inert to galvanic 
corrosion. 
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4.6.5 Salt fog exposure of 2014A - T6 Al alloy treated from a solution of 
0.0125M sodium thiosulphate 
Sodium thiosulphate was used to try and inhibit the corrosion mechanism on the 
surface of the CuA12, the results show the following (figure 4.33 shows the time to 
failure of the most corrosion resistant coating for the treatment). When coated at 20°C 
for 30 and 60 seconds the corrosion occurred in random pockets and white corrosion 
product covered 50% of the surface. After 24 hours the sample coated for 60 seconds 
had a greater amount of corrosion, suggesting the extra time in the solution reduces 
the protectiveness of the coating. This possibly occurs by dissolving the oxide film or 
by encouraging aluminium chloride or hydroxyl chloride formation in the presence of 
the salt fog. This corrosion process increases to 60% after 96 hours indicating a delay 
in further corrosion to that previously seen with other coatings. After 168 hours the 
whole surface was covered by white corrosion product within the corrosion product, 
black spotting was seen, pointing towards the fact that de-alloying was redistributing 
the copper in the intermetallic. The coating does seem to prevent further corrosion, 
there was no change in the amount of white corrosion product on the surface up until 
96 hours when some pitting could be seen. This was most likely due to the copper 
coming out of the intermetallic and redistributing on the surface enabling pitting 
corrosion to occur by galvanic attack. After 168 hours galvanic corrosion had led to 
extensive pitting under the white corrosion product which covered the whole surface. 
Overall the coating provides little protection. 
On increasing the temperature to 40°C and coating for 30 and 60 seconds the coating 
seemed to provide very little protection in both cases. After 24 hours white corrosion 
product covered the whole surface of the alloy with one or two patches of uncorroded 
areas, no pitting could be seen. This may be due to the white corrosion product 
covering the initial pitting sites, there was no change in the appearance of the 
corrosion after 72 and 120 hours. But after 168 hours white corrosion product covered 
the entire surface and some pitting was noticeable through the white corrosion 
product. The samples coated at 40°C, for 60 seconds show a significant drop in the 
amount of corrosion product formed on the surface of the alloy. After 24 hours, 30% 
of the surface was covered by corrosion product, but there was evidence of de- 
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alloying with the presence of black streaking indicating copper redistribution. This 
increased to 60% white corrosion product after 144 hours where further black spotting 
was seen. After 168 hours there was greater than 80% of the surface covered by white 
corrosion product with some areas of black spotting. These are precursors to the 
pitting that takes place under the white corrosion product, suggesting that the 
thiosulphate does have some corrosion inhibition effect. 
4.6.6 Salt fog exposure of 2014A - T6 Al alloy treated in a solution 
containing 0.025M thiourea 
Having assessed inorganic sulphur containing compounds for their possible corrosion 
inhibition possibilities, it can be seen that they are not as effective as hoped, therefore, 
the next step was to try a sulphur containing organic compound. A simple compound 
was thiourea and this may be more efficient at coating the intermetallics as organic 
compounds are well published as corrosion inhibitors. The alloy was again coated at 
20°C and 40°C, and times of 30 and 60 seconds respectively (figure 4.33 shows the 
time to failure of the most corrosion resistant coating for the treatment). 
At 20°C for treatment times of 30 and 60 seconds the coating seems to show some 
interesting characteristics. After 24 hours, both show the same trends, as black 
spotting (de-alloying) can be seen appearing on the surface. At this point there were 
also traces of white corrosion product appearing around the outer edges of the black 
spotting but this would be consistent with the beginning of galvanic corrosion in 
accordance with the mechanism described by Foley("'). After 72 hours deep pits 
could be seen through the white corrosion product indicating that galvanic corrosion 
was occurring due to the galvanic couple. The pH of the pit becomes more and more 
acidic, dissolving more aluminium forming a deeper pit. What could be seen was that 
the thiourea was reducing the rate of corrosion and possibly by forming an organic 
film over the surface. However, the film broke down after 120 hours leading to 50% 
white corrosion product over the surface with extensive pitting over the surface. 
When the panel had been exposed for 168 hours, greater than 75% of the surface was 
covered by white corrosion product and within the white corrosion product deep pits 
existed suggesting rapid galvanic corrosion in the presence of the chloride ions. 
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This result suggests that for thiourea, the 30 second immersion time forms a more 
corrosion resistant coating on the 2014A-T6 Al alloy samples better than the 60 
second immersion. Hence the 60 second immersion does not provide as much 
protection. This may be due to the organic molecules interacting with each other in 
the presence of aluminium. However, the thiourea's chains are not long enough to 
form a Micelle, which if formed would prevent a reaction on the metal surface. 
When the temperature was raised to 40°C and coated for 30 and 60 seconds, the 
coated sample corroded after 24 hours leading to 50% of the surface being coated by 
white corrosion product with areas of black spotting (de-alloying). After 96 hours 
first signs of pitting were occurring where the black spotting had previously been 
seen, the amount of white corrosion product had increased to 60%. This increased 
after 168 hours to greater than 80% of the surface covered by white corrosion product 
with the pitting covered by the corrosion product. 
Again the thiourea seems to provide very little protection possibly this time clue to the 
temperature of the bath causing the organic molecules to be more active and therefore 
not absorb onto the surface of the alloy. When the temperature was raised to 40°C for 
60 seconds the rate of corrosion slowed down. After 24 hours 20% of the surface was 
covered by white corrosion product with black spotting appearing on the surface with 
white corrosion product around it. The amount of white corrosion product slowly 
increases after 72 hours and was still heavily covered by black spotting. After 96 
hours 50% of the surface was covered by white corrosion product with the black 
spotting (de-alloying). After 168 hours greater than 95% of the surface had white 
corrosion product covering it with some of the black spotting turning to pitting. 
4.6.7 Salt fog exposure of 2014A - T6 Al alloy treated in 0.025M 
benzotriazole 
When the alloy was treated at 20°C for 30 and 60 seconds (figure 4.34 shows the time 
to failure of the most corrosion resistant coating for the treatment), black spotting was 
seen after 24 hours indicating de-alloying was occurring. White corrosion product 
seen around the outside was due to the galvanic corrosion mechanism. It it likely that 
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the black spotting mechanism will only occur in 2000 series alloys, due to the high 
copper content, where as, white corrosion products will be seen on all aluminium 
alloys due to the formation of aluminium chloride. After 48 hours the black spotting 
turns-to pits with approximately 20% white corrosion product indicating the coating 
was no longer protecting the surface. The rate of corrosion continued to increase 
steadily until 120 hours when 80% of the surface was covered by white corrosion 
product. Most of the pits were covered by white corrosion product. After 144 hours 
the whole surface was completely covered by corrosion product. The rate at which 
the benzotriazole (BTA) coated samples corroded suggest that the oxide film 
thickness may be reduced. 
When the coating temperature was increased to 40°C for 30 and 60 seconds (figure 
4.34 shows best coating), after 24 hours black spotting occurs and some black 
streaking, the de-alloying leads to galvanic corrosion. After 48 hours white corrosion 
product began appearing around the sites. After 72 hours 20% of the surface was 
covered by white corrosion product, with the black spotting beginning to turn to pits, 
this then continued until 144 hours was reached when there was 80% coverage of the 
surface by corrosion products. For samples coated for 60 seconds, white corrosion 
product, and extensive pitting cover 70% of the surface. After 168 hours all the pits 
were covered by corrosion product and the surface was covered by greater than 95% 
white corrosion product. 
The whole surface was covered by corrosion product after 168 hours. From the 
results it was obvious that the benzotriazole retards the onset of pitting corrosion by 
24 hours by retarding the mechanism of de-alloying (Faltermeier('4') indicates that 
copper dissolution is retarded by the adherence of benzoriazole molecules on a copper 
surface). The higher temperatures seemed to enable more of the benzotriazole to coat 
on the surface of the alloy thereby retarding corrosion. The treated samples at 60°C 
showed similar results to that produced by the 40°C samples except that at longer 
times the initial onset (within the first 24 hours) of corrosion seemed to be delayed 
due to the possibility of slightly thicker films. However, after this time the results 
seemed to mirror the 40°C samples. 
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4.6.8 Salt fog exposure of 2014A - T6 Al alloy treated from a solution 
containing 0.025M acid benzotriazole 
When treating the alloy at 20°C for 30 seconds, after 24 hours rapid pitting was 
occurring (figure 4.34) with white corrosion product around the outer edge of the pits 
suggesting rapid galvanic attack. After 48 hours 20% white corrosion product was 
noted over the surface, this continued to 96 hours, when 80% of the surface of the 
panel was covered by white corrosion product and at the same time the pits were 
covered by corrosion product. After 120 hours panels from both sets of conditions 
showed greater than 95% white corrosion product over the whole surface. 
After the panel was exposed to 60 seconds of coating immersion, there was a similar 
trend, as for 20°C for 30 seconds, however, for the 60 seconds coating time, after 48 
hours 30% white corrosion product was seen on the surface. This was retarded after 
72 hours, when 50% white corrosion product was seen on the surface as compared to 
60% with the 30 second immersion. However, after 96 hours the corrosion over the 
surface had covered 80% of the surface of both types of treatment and the pitting was 
the same on both types of panel. 
On increasing the temperature to 40°C for 30 and 60 seconds the corrosion pattern was 
similar, however there was a retardation to the time to pitting. After 24 hours only 
black spots were seen where normal pitting occurred. This was due to the acid 
benzotriazole causing retardation probably by stripping the oxide film off in solution 
(acidic pH) and the benzotriazole was incorporated when the oxide film reforms. This 
accounts for the slight reduction in the formation of white corrosion product. Only 
10% white corrosion product formed after 24 hours, along with a retardation of the 
conversion of black spotting to pitting. After 48 hours 10% of the surface of the panel 
was covered by white corrosion product. This reduction in white corrosion product 
formation occurs right up until 120 hours where 70% of the surface was covered by 
white corrosion product and deep pits, the whole surface was covered by white 
corrosion product after 168 hours. From the results for both benzotriazole and acid 
benzotriazole it appears that if the benzotriazole does inhibit pit formation slightly, 
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with the possibility that it will reduce the onset of white corrosion product, by being 
absorbed on the surface of the oxide film. In acid benzotriazole it was likely that, 
when being coated in the acid solution, the alloy surface oxide film was removed. The 
benzotriazole then adheres to the surface and the oxide film re-forms around the 
benzotriazole molecules, leaving it to prevent the onset of de-alloying and also to 
prevent the onset of pitting. 
4.6.9 Salt fog exposure of 2014A - T6 Al alloy treated from a solution 
containing 0.025M sodium sebacate 
The treatments carried out in sodium sebacate were 20°C, 40°C and 60"C at immersion 
times of 30,60 and 120 seconds (figure 4.34 shows best coating). The results showed 
that at the lower temperatures 20°C, at all immersion times in the first 24 hours only a 
fine white corrosion product could be seen on the surface. After 48 hours no change 
was seen, however, after 72 hours approximately 50% of the surface of the panel was 
covered by white corrosion product with some pitting. This rate of corrosion 
continued until between 120 and 168 hours where the panels usually had greater than 
95% of the surface covered by white corrosion product, which also covered any pits 
that may have formed. As this happened at all immersion times 30 and 60 seconds, 
and 2 minutes it can be inferred that the organic molecules attach themselves to the 
surface of the panel immediately on immersion and stay on the surface. When the 
temperature was raised to 40°C the rate of corrosion seems to increase as, after 24 
hours, between 1 and 5% of the surface was covered by white corrosion product. Pit 
initiation was also occurring and the rate of corrosion then continued. After 48 hours 
10% of the surface was covered by white corrosion product, and pits were over most 
of the surface. The rate of corrosion continued at a steady speed for all the treatment 
times until after 168 hours when the entire surface was covered by white corrosion 
product. The results showed that the higher temperature caused the organic molecules 
to become less adherent, thereby leaving the surface less corrosion resistant. When 
the temperature was raised to 60°C the resulting coating obtained for all treatment 
times showed good corrosion resistance, similar to that shown by the 20°C coatings, 
but in most cases better. After 24 hours a covering of fine white needles of possibly 
corrosion products or breakdown products of the sodium sebacate were present, at this 
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point (48 hours) no pitting was seen. No change was noted after 72 hours with 
between 1 and 5% white corrosion product present and some pits occurring. The 
lowest level of pitting being for the sample treated at 60°C for 60 seconds (this was a 
trend throughout the coatings), rapid corrosion started to occur between 72 and 96 
hours. After 120 hours the 30 second immersion time showed 30% white corrosion 
product over the surface, the 60 seconds immersion time showed only approximately 
7% white corrosion product, where as the 2 minutes immersion time showed 60% 
white corrosion product and deep pitting. The coatings show greater than 95% white 
corrosion product after 168 hours for 30 seconds immersion, 240 hours for 60 seconds 
immersion and 216 hours for 2 minutes immersion. The possible reason as to why 
there was better corrosion resistance at 60°C than lower temperatures. May be that at 
60°C the sodium sebacate may be incorporated into the oxide film by adsorption or 
similar mechanism. The higher temperature can aid it or it may adhere on top of the 
oxide film and acted as an inhibitor. 
4.6.10 Salt fog exposure of 2014A - T6 Al alloy treated in a solution 
containing 0.025M sodium azelate 
The treatments carried out in sodium azelate were 20°C, 40°C and 60°C at immersion 
times of 30,60 and 120 seconds (figure 4.34). The 20°C treatments at all times 
showed, discolouration of the coating. After 24 hours pitting was observed on all 
surfaces. After 48 hours the 2 minute immersion time showed the most corrosion 
equal to 20% of the surface. The rate of corrosion increased rapidly at all immersion 
times until the panels of all the three different immersion times showed a greater than 
95% white corrosion product after 168 hours. These results showed that, like the 
sodium sebacate, the sodium azelate provides a reasonable corrosion protection, better 
than the sulphide coatings and the benzotriazole. As for the sodium azelate when the 
temperature was raised to 40°C similar results are seen with very little white corrosion 
product after 24 hours and the onset of pitting after 48 hours. So the higher 
temperature seemed to make no difference as far as the effectiveness of the sodium 
azelate treatment goes. This was mirrored by similar results obtained for the 60°C 
treatments. The results obtained for the 30 seconds immersion correspond to the 20°C 
for 30 seconds treatment and also 40°C for 30 seconds. This trend was also reflective 
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in the other two coatings, 60°C for 60 seconds and 60°C for 2 minutes. From the 
results we can conclude that the sodium azelate protects the alloy reasonably well and 
the R. results show that the protectiveness of the coating is close to but not as 
effective as sodium sebacate. 
4.6.11 Salt fog exposure of a sample of 2014A - T6 Al alloy treated from a 
solution containing 10g/l sodium orthovanadate 
The treatment with the best corrosion resistance achieved by using sodium 
orthovanadate was at 60°C for 60 seconds (figure 4.35). From the results obtained it 
can be seen that after 24 hours there was an initial activity forming spots of white 
corrosion product on the surface and one or two spots of pitting. The rate of corrosion 
was retarded after this initial active period, there appears to be little or no corrosion 
occurring for the next 48 hours, when after 72 hours in the salt fog only 3% of the 
surface was covered by white corrosion product with a few large pits. After 96 hours 
5% of the surface was covered by white corrosion product, with an increase in the 
number of pits and occasionally small spots of blue corrosion product, which may be 
copper vanadate. From 96 hours onward the coating begins to break down. After 240 
hours, 20% of the surface was covered by white corrosion product, which was also 
beginning to cover the pits that are on the surface, the rate of corrosion continues 
slowly, after 336 hours 40% of the surface was covered by white corrosion products. 
At this point the coating was far more protective than any of those previously seen. 
The coating finally fails after 480 hours where greater than 95% of the surface was 
covered by white corrosion product, which also covered the pits. 
From these results it can be clearly seen that this treatment was the most effective at 
slowing corrosion mainly because of surface coverage. However, due to the 
imperfections in the coating, the salt fog was initially able to penetrate the coating and 
react with the alloy surface, forming corrosion products which then blocks the cracks 
and imperfections preventing further corrosion. After a while the chloride ions are 
able to attack the vanadate coating which eventually breaks down and normal 
corrosion occurs along with pitting. The next step would therefore be to block the 
pores with some form of second coating agent to improve the corrosion resistance. 
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4.6.12 Salt fog exposure of 2014A - T6 Al alloy treated from a solution 
containing 10g/l Na3VO4 and 2.97g11 (0.025M) benzotriazole 
The treatments carried out in lOg/l Na1VO4 and 2.97g/1 (0.025M) benzotriazole at 
20°C, 40°C 60°C at immersion times of 30,60 and 120 seconds (figure 4.34 shows the 
time to failure of the most corrosion resistant coating for the treatment). The 
benzotriazole was added to try and aid the blocking of the cracks in the sodium 
orthovanadate coating. The results obtained showed that at the lower temperature of 
20°C and at all times 30 and 60 seconds and 2 minutes, the rate of corrosion was 
significantly increased when compared to the sodium orthovanadate only. After 24 
hours some corrosion occurred leading to about 10% corrosion on the surface (much 
higher than expected). This indicate that the benzotriazole does slightly inhibits the 
treatment of the surface of the 2014A-T6 Al alloy and therefore the sodium 
orthovandate can not react with the surface of the alloy to produce an effective 
coating. As well as the fact that this was not the optimum coating conditions for 
Na3VO4 to coat the alloy surface may be another feature as to why poor corrosion 
resistance was seen. The rate of corrosion continues rapidly, the time to failure for the 
coatings occurred after 312 hours for 20°C for 30 seconds, after 288 hours for 20°C for 
60 seconds and after 288 for 20°C for 2 minutes. This indicated the longer the 
immersion time the less is the corrosion resistance. The same can be said for the 40°C 
coatings, but after 24 hours a greater amount of corrosion was present, suggesting the 
higher temperature might cause the benzotriazole to adhere first and thereby 
preventing the sodium orthovandate depositing on the surface effectively. The rate of 
corrosion was rapid and the coating at this temperature lasted between 264 and 288 
hours after which >95% white corrosion products were present. 
As for the 60°C coatings there seemed to be a slight improvement on the previous 
benzotriazole coatings. The 60°C for 30 seconds coatings showed very little change, 
to the results previously seen. But the 60°C for 60 seconds coating showed similar 
results to the sodium orthovandate only, however, in this coating a lot of black 
spotting could be seen, which was de-alloying of the copper from the intermetallic, 
which led to pitting. The coating failed after 264 hours. The 60°C for 2 minutes 
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coating show similar results but lasts slightly longer in the salt spray environment up 
to 288 hours. 
4.6.13 Salt fog exposure of 2014A - T6 Al alloy treated from a solution 
containing 10g/1 Na3VO4 4 and 2.97g (0.025M) of acid benzotriazole 
The treatments carried out in lOg/l Na3VO4 and 2.97g (0.025M) of acid benzotriazole 
consisted of 20°C, 40°C and 60°C at immersion times of 30,60 and 120 seconds 
(figure 4.35 shows the time to failure of the most corrosion resistant coating for the 
treatment). The results for this treatment system are similar to that of the sodium 
orthovandate / benzotriazole treatment system. However, it appears especially with all 
the treatments at 20°C, but for most treatments in general that a significant amount of 
pitting was seen. After 24 hours one point to note was that the corrosion product 
appeared to be slightly different to that produced by other coatings. This may be a 
function of the treatment solution at a low pH in the presence of nitric acid. 
Sometimes, as in the coating produced at 20°C for 60 seconds, areas of blue / purple 
corrosion product can be seen, which could be copper vanadate. For all the samples 
processed at 20°C, rapid corrosion took place after 48 hours where between 10 and 
20% of the surface was covered by white corrosion product and pitting. After 72 
hours all the samples at the different immersion times showed black spotting 
(possible de-alloying) which eventually leads to deep pitting. All the coatings fail 
after 216 hours. 
The same trend was noticed for the samples produced at 40°C for all treatment times. 
After 24 hours there was a large amount of white corrosion product on the surface, 
usually between 20 and 30%. Again some black spotting was seen, which eventually 
turns to pits. The coatings continue to corrode, producing large amounts of 
voluminous corrosion product. All the coatings had a greater than 95% white 
corrosion product after 216 hours. The same trend exists for the 60°C coating which 
seems to corrode even faster with rapid black spotting. This then turned to pitting and 
the whole panel for each of the process times had greater than 95% white corrosion 
product after 192 hours. 
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4.6.14 Salt fog exposure of 2014A - T6 Al alloy treated from a solution 
containing 10g/l sodium orthovandate and 0.025M sebacic acid 
The treatments carried out in IOg/l Na3VO4 and 0.025M sebacic acid consisted of 
20°C, 40°C and 60°C and immersion times of 30,60 and 120 seconds (figure 4.35 
shows the time to failure of the most corrosion resistant coating for the treatment). 
The sodium orthovanadate / sebacic acid treatment for all times and temperatures was 
found to be very effective. The coating at 20°C appears to be much more effective 
than those previously seen. After 24 hours less than 5% of the surface was covered by 
white corrosion product, and no pitting was seen. The slow rate of corrosion continues 
until 96 hours when only 15% of the surface of panels were coated by white corrosion 
product. The coating seems to break down rapidly after 168 hours, (very rapid 
corrosion when compared to the treatment at 60°C for 60 seconds. This gave a 
corrosion resistance of 384 hours, this therefore indicates that the temperature of the 
bath has had an effect on the coating produced. Therefore the profermance is 
increased at higher treatment times) and all the coatings had corroded to greater than 
95% of the surface after 240 hours. The 40°C coatings show similar results, very low 
corrosion after 24 hours and the coatings only seem to breakdown after 72 hours 
indicating the coating was no longer porous to chloride ions in the early stages. In 
some cases two panels were more corrosion resistant than the third indicating that 
occasionally the coating was unable to form significantly well to provide maximum 
protection. Again the coating started to breakdown after 168 hours, the 40°C for 30 
seconds and 60 seconds coating had greater than 95% white corrosion product after 
264 hours, but the 40°C for 2 minutes had a greater than 95% white corrosion product 
only after 288 hours. The best results were obtained when the panels were treated at 
60°C; the 30 second immersion time showed no corrosion until after 48 hours when 
5% white corrosion product and some pitting was seen. The coating begins to rapidly 
breakdown after 168 hours from then on the coating rapidly corrodes. After 292 hours 
the surface was covered by greater than 95% white corrosion product. The coating at 
60°C for 60 seconds shows the best corrosion resistance of any coating seen. After 72 
hours little or no corrosion on the surface had occurred. After 96 hours the panels had 
less than 5% of the surface covered by white corrosion product and one panel had 
about 10%. The rate of corrosion continues to be slow until 312 hours have been 
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reached at which time 5% of the surface was covered by white corrosion product and 
pitting, the coating eventually fails after 384 hours with a greater than 95% white 
corrosion product. A similar trend was seen for the 60°C for 2 minutes coating except 
after 24 hours 5% white corrosion product was seen and the coating was breaking 
down after 72 hours. Corrosion continues to occur until 312, hours where rapid 
corrosion takes place when 60% of the surface was covered by white corrosion 
product. The coating finally fails after 384 hours when the panels have a greater than 
95% white corrosion product covering the surface. 
4.6.15 Salt fog exposure of 2014A - T6 Al alloy treated from a solution of 
sodium orthovandate and (0.025M) azelaic acid 
The treatments carried out in lOg/1 Na; VO4 and 0.025M azelaic acid consisted of 
20°C, 40°C and 60°C at immersion times of 30,60 and 120 seconds (figure 4.35 
shows the time to failure of the most corrosion resistant coating for the treatment). 
The results shown by these treatments are fairly similar to that of the treatment 
containing sodium orthovandate and sebacic acid. At 20°C and at all immersion 
times, less than 5% white corrosion product could be seen after 24 hours, there was 
only a slight increase after 96 hours. After 168 hours rapid corrosion occurred. After 
240 hours 50% white corrosion product covered the surface. The panel had greater 
than 95% white corrosion product after 336 hours. The treatments produced at 40°C 
show similar trends with little or no corrosion after 96 hours. However, traces of 
pitting were seen, although only 5% white corrosion product was present after 96 
hours. After 168 hours the amount of corrosion product has increased to 10% with a 
small amount of pitting, rapid corrosion started to occur after 216 hours with an 
increase in pitting and approximately 20% white corrosion product. Further corrosion 
occurred and after approximately 288 hours the coatings had a greater than 95% white 
corrosion product. The 60°C coatings showed somewhat similar results to those at 
20°C and 40°C. There was less than 5% white corrosion product after 96 hours, with 
the coatings breaking down after 168 hours, when approximately 20% white corrosion 
product with some pitting was seen. After 240 hours there was approximately 60 to 
80% white corrosion product and the coatings have a greater than 95% white 
corrosion product somewhere after 288 hours. 
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4.6.16 Summary of salt fog results for various coatings deposited on to 
2014A-T6 Al Alloy 
The results presented in table 4.36 show a summary of the results for the salt fog 
exposure results. This table shows how effective the various treatments were at 
resisting corrosion. The results show time to failure (>95% corrosion over the surface) 
and time to the occurance of the first noticeable pitting. 
4.7 SEM micrographs of 2014A - T6 Al alloy passivatcd or treated in 
sodium orthovanadate 
Four samples were examined using SEM to elucidate the nature of the coatings. The 
samples analysed were an uncoated sample of 2014A - T6 Al alloy, samples of 
2014A-T6 Al alloy treated in 10g/l Na3VO4, lOg/l Na3VO4, + 2.25g/l sebacic acid and 
finally l Og/l Na3VO4 + 2.41 g/l azelaic acid. 
The SEM examination of the uncoated sample showed very few features on the 
surface as the surface had not been etched, therefore micrograph 1 (etched sample) 
was used as a reference sample. 
4.7.1 SEM micrograph of 2014A-T6 Al alloy treated from 10g/l sodium 
orthovanadate 
The micrographs of the sample of 2014A - T6 Al alloy (micrographs 11,12) treated in 
lOg/1 Na3VO4 showed that the 2014A -T6 Al alloy had a conversion coating on it. 
Observation of the surface showed that the coating that had formed had cracks in it. 
tinder low magnification on the SEM the coating surface exhibited a `dry river bed' 
type of morphology. These cracks could be the reason why the Na; VO4 coating was 
not as corrosion resistant as one would have liked especially when compared to 
chromate. With cracks present it was highly likely that chloride or other aggressive 
ions are able to penetrate the cracks in the coating. They can then react with any water 
molecules that have also penetrated through the coating cracks to the surface of the 
aluminium forming AiC13 or aluminium hydroxychlorides. This theory would account 
for the initial corrosion activity seen when the coating was placed in a salt fog 
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environment, (see salt spray results) 24 - 48 hours. After the initial corrosion reaction 
had taken place, the corrosion product formed started to block the cracks and inhibit 
further ingress of Cl" ions and water. Energy dispersive X-ray analysis of the Na3VO, 1 
treated surface showed the presence of a high concentration of aluminium as would be 
expected along with small amounts of copper and trace amounts of Mn and Fe. These 
elements are consistent with what one would expect to see in the 2014A-T6 Al alloy. 
Also present was vanadium in slightly higher concentrations than the copper, but this 
would be expected as the vanadium (probably in the form of V043) covers the surface 
and the coating was relatively thick. 
4.7.2 SEM micrograph of 2014A-T6 Al alloy treated from 10g/l sodium 
orthovanadate and 2.25g/l of sebacic acid 
The sample of 2014A-T6 Al alloy treated in sodium orthovanadate and sebacic acid 
showed some extremely interesting results. Low magnification (xl000 and 1500) 
micrographs 13,14 shows the presence of small nodular-like features. At this 
magnification it was impossible to detect any cracks/dry riverbed morphology. So 
higher magnifications were used to investigate these features, however, none were 
resolved. At higher magnifications (micrograph 15) the nodular structures were seen 
to have dendritic fronds radiating off of a central structure which appears a lighter 
shade to the surrounding vanadate coating. Thus the sebacic acid seems to be 
eliminating the `dry river bed' morphology. This then means that with the absence of 
cracks, neither chloride ions or water should be able to reach the aluminium surface, 
this would account for the noticeable corrosion resistance of this coating in a salt fog 
environment (see section 4.6.14). What appears to be happening was highlighted by 
the X-ray spectrum of the surface, the elements are present as previously seen in the 
vanadate coated sample, i. e. Al, Cu, Mn, Fe from the 2014A-T6 Al alloy, along with 
the vanadium from the treatment. However, the most prominent feature was the 
sodium peak. Previously with the Na3VO4 treated sample no sodium could be detected 
therefore the inclusion of sebacic acid to the treatment solution seems to introduce 
sodium into the coating. The possible conclusion that can be drawn from this, as well 
as the reason why it was there, can be postulated as follows. The natural pH of the 
vanadate solution was approximately 12, i. e. alkaline and with the hydroxide ions 
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present, it was highly likely that the sebacic acid with the formula HO, C(CH2)8CO, I--I 
reacts to form sodium sebacate (sodium ions from the vanadate solution). i. e. 
2Na+ + 20H- + HO, C(CH2)8CO7H > NaO, C (CH2)8CO2Na + 2H20 (4.14) 
sebacic acid sodium sebacate 
This reaction takes place due to the localised pH change in the alkaline region at the 
aluminium surface. The sodium sebacate being insoluble blocks the pores/ cracks in 
the coating forming the structures as seen in SEM micrograph 15. Hence no cracks or 
dry riverbed morphology could be seen. 
4.7.3 SEM micrograph of 2014A-T6 Al alloy treated from 10g/l sodium 
orthovanadate and 2.1g/l azelaic acid 
The sample of 2014A-T6 Al alloy treated in Na3VO4 and azelaic acid (micrographs 
16-18) shows similar features to the above coating. However, there are areas of the 
coating which have cracked, and also the structures seen previously with the Na3VO4/ 
sebacic acid treatment appear to be missing, but fine needles seem to be prevalent 
over the entire surface. These needles may be sodium azelate and there may be some 
blocking of the cracks by the formation of sodium azelate, similar to the way in which 
sodium sebacate formed, i. e. 
2Na+ + 20H- + HO2C (CH2)7CO2H > NaOZC (CH, )7CO, Na + 2H20 (4.15) 
azelaic acid sodium azelate 
Similar results to the vanadate / sebacic acid treatment were obtained from the EDAX 
investigations, i. e. sodium was present in the coating, suggesting the existence of 
sodium azelate in the coating. One possible factor for slight cracking may be due to 
excess pressure exerted by any sodium azelate when formed cracking the coating, one 
other point to note was for the first time magnesium was detected in the 2014A-T6 Al 
alloy matrix. Whether this has been aided by the coating cannot be determined. 
Therefore the overall conclusion that can be drawn is that both azelaic and sebacic 
acid react in the alkaline treatment solutions. Combined with the possibility that the 
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2014A - T6 Al alloy acts as a `catalyst' (possibly the CuAl, sites as they produce 0H- 
ions during the cathodic reaction) for the formation of insoluble sodium sebacate / 
azelate. What cannot be determined was the way in which the vanadate coating reacts 
with the sebacic/ azelaic acids and the thickness of the coatings can only be 
determined by Auger analysis the thickness of the coatings can be seen in table 4.36. 
4.8 Auger electron spectroscopy of the outer layers of both treated and 
untreated samples of 2014A - T6 Al alloys 
This technique provides more information than the EDX, due to the fact that it can 
identify elements present down to Li in the periodic table, so if any element above Li 
are detected, one can be confident that it was present in the outer surface layers. The 
main advantage of this technique was the ability to see what was happening to the 
oxide film that was associated with the aluminium. However, some of the oxygen 
may also be associated with other elements such as, magnesium as MgO and possibly 
trace amounts associated with copper as CuO (mainly because most of the Cu will 
exist as CuA12). 
The results presented in figure 4.29 provide excellent information as to the nature of 
the normal surface layer on a cleaned and de-oxidised 2014A - T6 Al alloy, figures 
4.30-4.32 show the 2014A-T6 Al alloy coated with various vanadate based coatings. 
4.8.1 Auger electron spectroscopy of a cleaned, uncoated 2014A - T6 Al alloy 
On looking at figure 4.29 we can see at the surface i. e. 0 (nm) there was a high level 
(,: z 20%) of aluminium associated with an oxide film designated Al(O). At a depth of 
4nm below the surface there was still a considerable amount of aluminium (9.4%) 
associated with oxygen indicating that the oxide film was at least 4nm thick, this 
corresponds with an oxygen value of 11.3% which would provide a rough 
stoichometric ratio of the formula A1201. However, there was a slight shortage of 
oxygen suggesting another possible compound being present. Alternative possibilities 
are AI(OH)3 formed due to the reaction of the aluminium oxide surface with moisture 
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in the atmosphere. However, as it was impossible to identify hydrogen using AES one 
can only theorise that this might be true. The first traces of elemental aluminium Al(e) 
can be seen supporting the statement that the oxide film was approximately 10nm 
thick as stated by many researchers (20)(2 . 
This elemental layer would possibly be the 
first layer that would be converted to Al(O) compounds / coating on damage to the 
upper oxide film. 
At 20nm there was a further decrease in the Al(O) peak, suggesting that there was less 
of it present. This was off set by a large amount of elemental aluminium. The overall 
percentage of oxygen does not equal the amount that would be required by the Al(O), 
leaving some of the oxygen left over which was probably associated with MgO or 
CuO. 
It was unlikely that the surface was totally flat and was likely to be undulating, which 
may make the metal intermetallics penetrate into the oxide film slightly. At a depth of 
20nm, the Al(e) result indicates that the surface of the matrix begins here. The high 
concentration of Al(e) at 120nm could be associated with the aluminium matrix or 
CuAl2 as there was a higher copper content present than there was in the matrix, 
leading to the possibility that the spot at which the analysis was taking place, was on a 
CuAlz precipitate. Throughout the sample analysis, carbon was not detected on the 
surface, indicating that any organic species used in the cleaning process had been 
removed (e. g. detergent type molecules and dust). As one would expect there was no 
vanadium present on the surface, indicating that it was not present in trace 
concentrations in the aluminium alloy matrix. Copper was not detected on the 
surface, suggesting that either the aluminium matrix at the point of analysis had no 
copper in it, or that the copper on the surface had been dissolved away during the 
cleaning process by the Minco. This is possible as Davenport et al(1°° have devised a 
cerium based pickling solution which removes copper based precipitates on the 
surface during the cleaning of 2024A - T3 Al alloy. This also then suggests that 
copper oxide was not formed on the surface, ruling out that some of the oxygen may 
be bonded to copper to form CuO on the surface. At 20nm again a high percentage of 
copper was seen (; tý 63%), again suggesting that the analysis was taking place on or 
near a CuAl2 precipitate that lies just below the surface. This continues down to 
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120nm showing that that the precipitate must be embedded in to the matrix and that 
the precipitate must be at least 100nm deep (top to bottom). 
At the surface a small amount of chloride was present (4.3%) this was possibly due to 
residues from the cleaning process or it was possible that corrosion has taken place 
due to Cl- adsorption on the surface and the instrument has picked this up. At 12nm 
traces of chloride are still present, possibly from contamination from the cleaning 
solution which means that any chloride ions left on the surface may have penetrated 
the oxide film and have begun to react with the alloys elemental surface. At 20nm 
onwards a trace of chloride was present and the percentage seemed to be consistent 
throughout the sample. Therefore, it was most likely due to a chloride compound 
used in the Minco cleaning step or even a contamination in the alloy processing stage. 
Throughout the sample analysis no sodium was found to be present at all. On the 
surface Mg was at a concentration of 31 % this was possibly due to contamination 
from either the cleaning stage or contamination from the water rinse. The 
concentration of magnesium below the surface (4nm) and deeper maintains a low 
value between 3-1.8 % indicating that the Mg was present due to additions in the alloy 
processing stage which then lead to the formation of angular precipitates CuMgAI2 
right through the matrix. 
4.8.2 Surface analysis using Auger electron spectroscopy of a sodium 
orthovanadate (10g/1) treated sample of 2014A - T6 Al alloy 
On figure 4.30 at Onm (the surface) a reasonable amount of Al(O) 12.9% (aluminium 
associated with oxide film formation) can be seen. This leads to the conclusion that 
the aluminium was able to form an aluminium oxide on the outer surface of the metal 
by the migration of aluminium ions in the coating. At 8nm to 48nm a decrease was 
seen in the Al(O) content due to the thick vanadate coating. At the depths of 48nm to 
312nm, the analysis was similar to that at 48nm. At 312nm there was a low 
percentage of A1(O). This indicates that there was aluminium oxide in a form possibly 
bonded to vanadium, but this decrease in aluminium was off set by a slight increase in 
the vanadium percentage pointing towards slightly more vanadium oxide. One 
interesting result was that throughout the coating from Onm to 312nm no peaks 
associated with elemental aluminium were detected suggesting that the conversion 
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coating was thicker than 312nm. As no elemental aluminium was detected and 
therefore the exact thickness of the vanadium based conversion coating cannot be 
stated. At the surface there was quite a high level of vanadium, 15.5%, as would be 
expected. This confines that the sodium orthovanadate forms a coating on the surface 
of the 2014A - T6 Al alloy. It also suggests that the coating on the outer surface was 
likely to contain a mixture of aluminium oxide, a vanadium oxide or possibly an 
aluminium vanadium oxide. 
At 48nm onwards the vanadium concentration was constant, showing a maximum 
amount that can be incorporated into the coating. At the surface the absence of copper 
shows that any CuAl2 precipitates have been covered or dissolved, or that copper was 
not able to migrate through the coating. At 48nm onward to 312nm in the coating 
there are trace amounts of Cu which are likely to come from angular precipitates or 
CuAlz near the analysis spot. At the surface there was a lack of magnesium, which 
was present in a high concentration on the uncoated sample. The reason for this 
absence could be the lack of precipitates or that the coating was so thick, that no 
magnesium was able to penetrate from the matrix. At a depth of 48nm to 312nm the 
coating this time contains trace amounts of Mg suggesting that either the Mg in the 
matrix was being detected or that the analysis was possibly taking place near an 
angular precipitate. However, from tables 4.5-4.7 no Mg was detected on any angular 
precipitate analysed this may point towards the fact that angular precipitates do not 
contain any Mg on the surface of the precipitate and is held within the precipitate. 
This could be the reason why Mg was detected here, as the outer surface of the 
precipitate could have been eroded away leading to a Mg rich region. 
Chlorine was not seen anywhere in the analysis from 0- 320nm indicating that no 
contamination had occurred from either the cleaning stage i. e. from the Minco or from 
other sources. At the surface, the lack of carbon shows that there was no 
contamination by organics or dirt on the surface. On the surface the absence of 
sodium provides an important result in the fact that the sodium (from the sodium 
orthovanadate) does not in any way react with the coating. Neither does it get 
deposited in the coating as it was not detected at greater depths. This negative result 
will prove important when dealing with the organic based vanadate coatings. At Onm 
to 48nm the oxygen content was also similar as before. Again the coating was likely 
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to contain a mixture of aluminium oxide, vanadium oxide and aluminium vanadium 
oxide. 
4.8.3 Surface analysis using Auger electron spectroscopy of a sample of 
2014A - T6 Al alloy treatment in sodium orthovanadate based 
treatment solution (lOg/l) containing 2.25gll sebacic acid 
The results presented in figure 4.31 show that at the surface of the coating (Onm) there 
was a low amount of aluminium associated with the formation of the oxide film 
indicating that something else covers the surface. On going down to 8nm, there was a 
large increase in the value of A1(O) suggesting at this lower level the aluminium oxide 
film has formed. The result shows that the oxide film formed on the 2014 T-6 Al alloy 
surface was considerably thinner than that formed by the sodium orthovanadate-only 
solution. Therefore the sebacic acid reduces the conversion coating thickness by 
inhibiting the coating reaction on the surface by initially forming sodium sebacate or 
adhering as sebacic acid. At 36nm we see the first elemental aluminium suggesting 
the conversion coating may have a limited thickness of around 36nm. The amount of 
elemental aluminium increases rapidly after this point (36-120nm) suggesting that the 
alloy matrix was being analysed and that no coating therefore exists in this region. At 
the surface, there was a dramatic reduction in the amount of vanadium incorporated in 
the coating, as compared to the sodium orthovanadate only coating. This maybe due 
to two possible reasons, firstly the sebacic acid when converted to sodium sebacate 
initially inhibits the reaction of the vanadate species on the surface of the 2014A - T6 
Al alloy (this statement can be justified by the carbon peak. ). On immersion of the 
alloy into the normal vanadate solution a rapid reaction occurs, however, on addition 
of sebacic acid there was an initial delay where no reaction takes place at the surface). 
The second possible reason as to why there was a decreased amount of vanadium, was 
in the fact that sodium sebacate formed at points where it blocks a crack / pore. So 
some of the surface contains sodium sebacate, which would reduce the amount of 
vanadate present on the surface, by increasing the amount of carbon from the organic 
chain. As this was exactly what the result showed then this statement can be justified. 
At 8mn onwards the vanadium value was similar to the surface showing that it was 
still present in the coating. At the surface no copper was detected ruling out the 
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presence of a CuAl2 precipitate on the surface. Only at a depth of 120nm was there the 
first signs of copper detected. This suggests this was now the main matrix and that we 
are now analysing a precipitate of CuA12 or CuMgAI, so this shows that copper was 
only present when the matrix was reached ruling out migration of the copper from the 
surface during the coating process. It can therefore be inferred that the sebacic acid 
inhibits the migration of copper ions, as in the vanadate only sample copper was 
present higher up in the coating. At the surface there was a trace amount of 
magnesium possibly from a precipitate or contamination from the cleaning process. 
No further magnesium was seen until a depth of 120nm was reached. This then 
suggests that this was now the main matrix and if tied in with the copper result we can 
assume that we were performing analysis near a precipitate of CuMgAI,. On the 
surface no chlorine was detected suggesting that the pre-treatment step does not 
contaminate the surface. At the surface there was a high percentage of carbon (36%) 
which can only come from the organic chain. Further down at 8nm the carbon present 
probably comes from the organic chain as the coating has built up. On the surface you 
would have a carbon atom present, due to the presence of a carboxylic acid group as 
well as some carbon from the organic molecules carbon chain back bone. Both 16 and 
24run show similar values to the 8nm depth, also note, the carbon levels are not as 
high as the surface level (6.4% at 8/ 16nm and 4.2% at 24nm). This possibly points 
towards some form of contamination on the surface by a carbon containing species, 
e. g. dust or oils. At 36nm a decrease in carbon, to traces levels indicate that we are 
near the end of the organic precipitate/molecular chain. At 50.4nm to 72nm carbon 
was not detected so carbon compounds are only present in the first 50.4nm of the 
surface of the coating. 
The presence of sodium on the surface for the first time indicates that it was bonded to 
the organic chain. It was most likely there because the sebacic acid reacts at the pl-I of 
the vanadate solution (12.1) to form the sodium sebacate. The sodium was strongly 
bonded and therefore was trapped in the coating with the organic molecule. 
At 8nm down, no sodium was present as it is possible that when analysed at 8nm the 
spot was in the middle of a carbon chain and therefore no sodium would be detected 
At 16 and 24nm sodium was detected in high concentrations and appears in the 
coating at these high levels suggesting the presence of sodium sebecate at these levels, 
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most probably at the end of the chain. At 36nm down in the coating there was no 
sodium suggesting the coating was just above the metal surface 
The high level of oxygen on the surface takes into account the oxygen associated with 
the aluminium oxide, vanadium oxide species and possibly the aluminium vanadium 
oxide as well as the oxygen atoms associated with the organic carboxylic acid group. 
So from those values it can be said that it was more than likely that on the surface of 
the coating, the carboxylic acid group that is present to which the sodium was bonded 
is possibly blocking what would normally be a pore. From the literature it was 
impossible to find values for the area taken up by a sodium sebacate molecule. 
However, it can be calculated using standard tables for bond lengths for C-C, C=O, C- 
0, C-H and from the ionic radii for 03 and sodium to calculate the ion bond distance 
as well as bond angles, these values are given in table 4.27-4.28 
Bond Angle o Length nm 
C-C 121 1.54 
C-1-1 - 1.094 
C-0 - 1.43 
0-H 52 - 
C=0 124 1.20 
Table 4.27 Parameters for different bonds 
Atom Ionic Radii 
Na 1.02 
0 1.32 
Table 4.28 Ionic radii for different atoms 
From these values both the sodium sebacate and sodium azelate molecules can be 
calculated, using the most energetically feasible structure (assuming no twisting of the 
molecule) the length comes out at 1.245nm and the width at 0.407nm for sodium 
sebacate. This was possibly big enough to block any pores / cracks when multiple 
chains are together. At 72nm decreasing amounts of oxygen reflect the low value of 
A1(O) and V. At 120nm traces of oxygen are present and from this one can assume 
that this was the starting point at which the oxide film begins to form. 
129 
RESULTS AND DISCUSSION SECTION 
4.8.4 An Auger electron spectroscopy analysis of a sample of 2014A - T6 Al 
alloy coated from a solution containing 10g/l sodium orthovanadate 
and azelaic acid 
As shown on figure 4.32 at the surface, it was evident that very little aluminium oxide 
was present due to the low AI(O) content therefore the surface was covered by 
something else i. e. a coating. At 8nm down the amount of AI(O) increases rapidly 
concluding that at this level the aluminium oxides are able to form with greater ease. 
This value was quite similar to that of the Al alloy coated from sodium orthovanadate 
only. However at 8nm, the two figures for the Al(O) percentage, for both the sebacate 
coating and azelate coating are fairly close. This then indicates similar formation, this 
can be explained by the fact that at 8nm no carbon or sodium were detected indicating 
that only the first few nm contains the organic sodium azelate. This result in itself 
may explain why some of the samples of sodium sebacate and sodium azelate were 
able to survive and resist corrosion resistance to a salt spray environment for an 
extended period e. g. 300-350 hours and some did corroded after 48 hours. We can 
conclude that the coating process may be inconsistent as for the sodium orthovanadate 
solutions containing the organics. From 36 nm onwards again there was a steady 
decrease in the AI(O) and an increase in the elemental aluminium with decreasing 
values of vanadium and oxygen along with magnesium. At 0 nm no elemental 
aluminium was present. At l6nm the only major difference in results were in the fact 
that the amount of elemental aluminium has increased from 3.9% at 8nm to 13.3% at 
16nm onwards. Suggesting that the coating was not as thick as the vanadate / sebacic 
acid coating and that the coating in itself was probably 16 - 24nm thick. This does not 
necessary correspond to the fact that the oxide film starts at 120nm. It must be 
assumed that some of the Al(e) migrates through the coating when it was dissolved 
during coating formation, for at 120nm 91% of the coating analysis was associated 
with the Al(e). The rest was either associated with Al(O) or oxygen, which suggests 
that that the oxide film forms here. At the surface the vanadium content was higher 
than that observed for the surface of the vanadate / sebacic acid coated sample. 
However, the value was close to that of a coating containing sodium orthovanadate 
only, so what can be said was that the amount of vanadate species on the surface was 
inversely proportional to the amount of carbon from the organic molecules present in 
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the coating. At 8nm there was a low concentration of vanadium, which further reduces 
the protection from the coating formed as there is a less active vanadate species. This 
decrease continues right down to 120nm at which point the surface seems to be 
mainly elemental aluminium. 
The surface analysis showed that no copper was detected in the surface of the coating 
suggesting that coating was either covering the CuAI2 precipitate effectively or that 
the analysis has taken place at a precipitate-free spot. 
Only after 24nm does copper become apparent in the coating. This suggests that some 
from of precipitate was present, either CuAI2, or more likely CuMgAI,, due to the 
magnesium content that was present at these depths If a precipitate was present then 
its size ranges from 24nm to 120 nm in depth. At Onm there was a high level of Mg, 
which could be due to contamination on the surface due to the cleaning process or the 
Mg could come from a small patch in the Al matrix which dissolved out during the 
coating reaction and then being incorporated into the coating as the aluminium ions 
migrate through the coating. 
On reaching 24nm there was still a high concentration of Mg slowly decreasing down 
to 120nm suggesting again that this was part of a CuMgAl, precipitate. At the surface, 
trace amounts of chlorine are present due to contamination, possibly air borne or 
water concentration from Minco. At 8nm traces of chlorine probably comes from the 
Minco. From there on no more chlorine atoms are detected. At the surface a smaller 
amount of carbon (,: t; 4.2%) was detected, this was smaller than the sebacic acid coated 
sample. The reason for this was probably that the coating did not form properly or 
because of the smaller chain length of the sodium azelate. The traces of sodium 
(4.2%) indicate that sodium azelate is present on the surface of the coating and that 
any precipitate produced is likely to be less than 8nm thick as no carbon was detected 
after this depth. At the surface sodium was present (although from figure 4.32 it is 
difficult to see this, from the raw data sodium does exist, at 4.2%) giving more 
justification to the fact that the uppermost 8 nm contains a sodium based organic salt. 
The sodium does not exist anywhere else in the coating after 8nm so this must be 
bonded to the organic chain. On the surface of the coating there was a high level of 
oxygen, some of which will be associated with the aluminium (0) as oxides of 
aluminium. Some of it will be in the form of a vanadium species possibly VO,, '" or 
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V205 and the rest of the oxygen was possibly associated with Mg as MgO. At 8 nm 
the high oxygen composition was associated with both the A1(O) aluminium oxide 
and the vanadium oxide species and the Mg as MgO. 
At 16nm to 72nm a decrease in oxygen was noted and from there on in a steady 
decrease continues suggesting a further thinning of the oxide film, it was possible that 
a lot of the oxygen detected was associate with a vanadium species in forming the 
coating. From these results it can be said that the vanadate / azelaic acid coating was 
approximately 72nm thick with only the outer surface layer containing sodium 
azelate, suggesting that the coating has not formed properly. 
4.9 EDX analysis of different samples of laboratory produced CuAI2 
The results obtained from the EDX analysis can be seen in table (4.29). The overall 
trend that was found with all the samples, was that they all contained two distinct 
regions a light region and a dark region. 
Sample Light region 
Calculated formula 
Dark region 
Calculated formula 
CuAI1.7 Mainly Al, traces of Cu 
2 CuAI1 8 Mainly Al, traces of Cu 
3 CuAl 1.7 Al 
4 CuAl1.6 CoAl4.1 
5 CuAI 1.7 CuAl5 
6 CuAl1.7 CoA14.7 
7 CuA11.4 CuAl6 8 
8 CuAl1.4 CuAl3.8 
Table 4.29 Energy dispersive X-ray results of laboratory produced CuAI, 
Each region was analysed using energy dispersive X-ray analysis and the results of 
the composition found can be seen in table 4.29. Sample I had a light region, which 
has the calculated composition of CuA1,. 7. The dark region in sample I contained 
mainly aluminium with trace amounts of copper. This result was repeated in both 
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samples 2 and 3, except for the fact that sample 2 had a light region with a chemical 
composition of CuAl,. g. The high proportion of aluminium in the dark phase may be 
due to the fact that the carbolyte tube had cracked and the samples were able to cool a 
lot quicker than in the subsequent samples (samples 4-8). With sample 4 the light 
region contained within the intermetallic had the formula of CuAI,. 6, fairly consistent 
with the other results. However, the dark region produced a composition with an 
increased copper content, this composition was calculated to be CuAl4.1. This trend 
was similar throughout the rest of the samples (samples 5-8). This can be seen in table 
4.29 with the result that in the light region the composition of individual samples 
ranged from CuA114 to CuAI1.7, for samples 4-8 and for the dark region the 
composition ranged from CuAl3.8 - CuAl6 8. 
The overall conclusion that can be drawn from these results were that for samples 1-3 
the compositions of both light and dark regions are fairly consistent. However, the 
results for samples 1-3 and 4-8 are quite different when considering the dark regions. 
Although it was only noticed after the first 3 samples had been produced that the 
carbolyte tube holding the sample inside the furnace had cracked, allowing the 
samples to cool quicker. This in itself provided an interesting result. No matter how 
the sample was produced the light region (regarded as the true CuAI, region) always 
had the composition CuAl, 4_,. g indicating that this structure will form under all 
conditions. As for the dark region it can be seen that its formation was highly 
temperature dependent and was possibly only formed at higher temperature e. g. 
1150°C (the temperature the samples were heated to). In samples 1-3 no intermetallics 
were formed possibly as at the elevated temperatures the presence of the crack in the 
tube allowed the samples to cool just enough (due to the flowing argon) to prevent the 
aluminium from dissolving into the copper lattice forming intermetallics. However 
with samples 4-8 the slow cooling of the samples (intact tube) allowed time for the 
aluminium to dissolve into the copper lattice forming non-stichometric intermetallics. 
It is also possible that the dark regions are a precursor for the formation of CuAlz and, 
over time, with more aluminium dissolving into the copper lattice, increasing amounts 
CuAI, could be seen. However, for this theory to be tested the formation of Alz01 
should not occur and therefore not be present in the resulting analysis. It would 
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probably require the samples to be heated under argon for at least one-month (an 
estimate). 
The above results are interesting when compared to work carried out by other 
workers (149)(150). Graham and Kraft('50), used an induction vacuum furnace heated at 
548°C to produce samples of CuAl,. The resulting samples that were obtained, 
differed from the present work in one major aspect, that being the dark areas were 
described as being CuAI, rather than the light areas. This is interesting when 
compared to the fact that Motoyasu et al (149) found similar results as presented in this 
thesis, that being the light phase consisting of CuAI, and the dark phase consisting of 
Al (or mainly Al). Motoyasu (149) results and the micrographs presented in this thesis 
(section 4.11) were obtained using a scanning electron microscope with associated 
energy dispersive X-ray analysis, to obtain the information. However, Graham and 
Kraft"") used X-ray diffraction to establish the presence of CuAl, in these samples 
and they used optical microscopy, of their samples after etching in a solution of 20% 
HN03 for viewing under the light microscope, (which was quoted as darkening the 
sample). However, they described two regions a light and dark and stated that the light 
was the aluminium region. It is possible that the assumption has been made by them, 
that the aluminium region will remain light and the dark region must be the CuAI, as 
it is a different phase. 
4.10 X-ray diffraction results of the laboratory produced CuAI2 
The results obtained by the X-ray diffraction as indicated in tables 4.35-4.42 in the 
appendix show that in all samples analysed the presence of A1,03 in one form or 
another was detected. 
In samples 1-3 there was a high possibility that the A1203 may have been produced as 
a direct result of oxygen ingress through the crack in the carbolyte tube used during 
the production of those samples. Therefore, there is a high possibility that when the 
samples were heated to 1150°C the aluminium would react with the oxygen in the air 
forming A1201 in the form of a-A1201. As for samples 4-8, A1201 was detected but 
some of it was detected as having different structures, indicating that in some samples 
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the aluminium had reacted with trace amounts of oxygen that had got into the system. 
On heating the aluminium oxide goes through in a series of phase changes. Initially 
the Al was converted to y -A1,03 in the presence of oxygen, this starts to occur at 
500°C. The y- A1,03 will then transform according to Tsukada et al("') to the 6 phase 
which was present in samples 4,6,7 and 8, indicating that this was present due to 
oxidation of aluminium in the form of y- Al203 rather than contamination of the 
sample by the alumina crucible. In sample 4, the presence of 0 -A120, was noted and 
this is the next transformation phase from the 6 phase. Takayuki (151 states that the 
transformation of the 6 phase to the 0 phase requires only a small amount of energy. 
This brings forward the question as to why 6-A1203 was seen in samples 4,6,7 and 8 
rather than the 0 phase? The answer could be due to the formation of CuAl, inhibiting 
the phase transition or that the 0 phase eventually transforms the a-A1203, which can 
be seen in all samples (4,5,6,8) except sample 7, where only 6- A1203 was detected. 
Takayuki et al("') state that for the formation of a-A1203 to occur the 0-Al203 oxygen 
sub-lattice needs reconstructing from cubic to hexagonal. This requires a large energy 
input and since the temperature of the furnace for the production of the intermetallic 
was 1150°C this would certainly provide enough energy as the conversion occurs at 
1100°C, so the most commonly seen form of A1203 was the a-A1,03 form. 
The X-ray diffraction results showed in all samples (1-8) the presence of CuAlz in 
high levels based on the counts seen. The CuAl, formed because both copper metal 
and the Al metal have face centred cubic (FCC) crystal structures enabling the atoms 
to move into each other's lattice easily. This was the 0 phase (CuAI, ) which will 
crystallise directly from the melt. The formula consists of 46.5 wt % Al (67.35% at) 
and 53.5 wt % Cu (32.65 at. %). 
The intermetallic forms easily at the temperature of 1150°C at which the furnace was 
operating. It enables both the metals to melt, (Al has a melting point of 660°C and Cu 
1083°C) the metal atoms are freely available to mix and on cooling to 591°C the alloy 
has a constant freezing point as can be seen on the phase diagram (figure 2.1). 
However, at 548°C the 0- phase has a wide composition range from 46.4 wt % Al to 
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47.5 wt % Al (67.1-68.5 wt %). At 400°C the composition range alters to 46.1 - 46.7 
wt% (66.8-67.35 atomic %). 
The ideal composition of CuAl2 occurs at 45.92 wt% Al (66.67 at%). Many authors, 
when producing CuAl2, usually heat the sample produced to just above 548°C to allow 
recrystallisation to occur. This was often carried out for in excess of 100 h or even in 
excess of 1000 h This could not be carried out with these sample as constantly 
flowing argon over the sample whilst recrystallisation was occurring would be very 
costly . 
The aim was to examine the effect on the microstructure. This effect will be 
discussed in Section 4.11. Formation of other copper/aluminium intcrmetallics are 
possible but the longer the samples are heated, the less chance of the other 
intermetallics have of forming. However, in Sample 1 the intermetallic CuAI was 
detected, it may have been present because of the cracked carbolyte tube causing rapid 
cooling of the sample by the argon. As well, there was a possibility that the CuAl was 
forming at the end of the experiment and did not have enough time to form CuAI,, 
because the Al atoms would not have had enough time to penetrate the lattice before 
solidification occurred at 591°C. In producing the intermetallic, excess Al was used, 
so it was not possible that the supply was exhausted. 
Samples 2 and 3 both showed the presence of CuO. This should not be present and 
should only form at high temperatures as a result of high temperature oxidation of the 
copper. This would tie in with the fact that the carbolyte tube was cracked and open 
to the atmosphere, as it would be very difficult to form CuO except by heating copper 
in oxygen at high temperatures. The count rate in both cases shows that the CuO 
existed in a low concentration indicating that the oxidation of Al to Al, O1 was 
preventing the formation of CuO or that the pressure of the argon was preventing most 
of the oxygen from getting to the metal surface. 
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4.11 SEM Micrographs of laboratory produced CuAl2 
When samples 1-8 were produced each one was subjected to surface examination 
using the scanning electron microscope. The surface of each sample was examined 
under high and low power magnification. The resulting micrographs (18-30) obtained 
can be seen in the appendix (micrograph section). The micrographs present in the 
appendix are a selection showing the most prominent and interesting features. 
Numerous authors have carried out investigations into the production and examination 
of CuAl2(150 52 . In each case the authors producing 
CuA12 ended up with the resulting 
sample containing two regions; a light region and a dark region. In the paper by 
Graham and Kraft('52), the examination of their samples were carried out using a light 
microscope and so they could only see the dark phase as being a solid mass, (where 
under the SEM it consists of alternating light and dark regions seen in the work 
carried out in this thesis). 
The micrographs obtained for all samples showed regions of dark and light. In every 
case the dark region was observed to consist mainly of Al with only a trace amount of 
Cu present. The lighter phase was calculated to be the CuAI,, phase see section 4.9. It 
is interesting to note once again that Graham and Kraft("') assumed when observing 
the CuAI2 produced, that the dark region was CuAl2 and the light region was the Al. 
This has been proven not to be the case. However, in 1976 when the experiment was 
carried out SEM with EDX's were a relatively new development and so they used a 
light microscope, so the assumption may have been that aluminium has a bright light 
lustre then that must relate to the areas of the light regions of CuAl2. Samples I and 2 
(micrograph 18-20) all show features that appear to be step-like in nature, all the steps 
have branches off. EDAX analysis of the step type structure showed it contained both 
CuAI, and Al in alternate layers. Sample 3, (micrograph 21-22) have a very 
interesting wedge like structure, this also has alternate CuA12 and Al, white / black 
regions, the high power micrograph (x2000 magnification) of sample 3 (micrograph 
22), showed a similar appearance to that of other samples. The structure shown by 
samples 1-3 (micrograph 18-22), appeared different to those in later experiments (see 
samples 4-8, micrographs 23-30). Graham and Kraft(' 52 carried out experiments to 
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see the effect of temperature on the microstructure of CuAI, and found that rapid 
cooling caused highly disordered features as seen in samples I-3 of the present 
investigations, whereas the longer the cooling times the better the orientation. This 
was borne out by the micrographs of samples 4-8. The micrographs of sample 4 
(micrographs 23-24) showed the production of very small amounts of the second 
phase (alternate CuAl2 / Al regions) this was possibly due to the much longer cooling 
times. The high powered micrograph (x 2000 magnification) of the 'zebra' region 
(alternating black and white zones) shows it to be much more ordered similar to that 
of the samples produced by Ourdjini et al( 153) and Motoyasu et al("), where samples 
also took a long time to cool. However, Ourdjini et al's (153) micrographs may be 
slightly misleading due to the fact that the samples were subjected to elongation and 
thinning through a die which would automatically change their appearance. Samples 5 
and 6 (micrograph 25-26) showed that there were very little CuAl2 / Al regions. The 
possible reason for this could be that most of the samples might have been converted 
to CuAl2, (see micrographs 25-26). In sample 7 (micrographs 27-28) most of the 
CuAl, / Al feature was seen at the edge of the sample. This indicates that in the centre 
of the sample all the Cu and Al have reacted to produce CuAl,, these features on the 
edge of the sample show the usual alternate black and white striped regions. Sample 8 
(micrographs 29-30) produced an interesting result as a wide frond-like network has 
formed from the centre of the sample. The possibility exists that, the sample may 
have cooled too quickly or not have been heated to the higher temperature (1150°C) 
for long enough. The frond like structure radiates from the centre of sample, however, 
on closer examination of the CuAlz / Al region under high power (x2000 
magnification) on the SEM, the structure appears to be uniformly distributed and 
fairly even giving an indication that the second phase was properly formed. 
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4.12 Evaluation of different passivation treatments on a simulated 
aluminium 2014A - T6 Al alloy surface using zero resistance ammetry 
(ZRA) 
A sample of 2014A - T6 Al alloy was recreated (using the laboratory produced CuA12 
and commercially pure aluminium to simulate the surface composition). This was 
carried out by connecting up a laboratory produced specimen of CuAI, (1 cm2) to a 
piece of commercially pure Al 50cm2 (5x5x2 cm), this area was limited to this size, 
due to the size of the reaction cell using an electrical connection of zero resistance. 
The main principle behind the area relationships was that a large cathode to anode 
area produces rapid corrosion. Where as a small cathode to anode area produces a 
much smaller corrosion rate as in a sample of 2014A-T6 Al alloy there are very small 
amounts of CuAl2 in the surface of the alloy. This gives rise to a small cathode to 
large anode area relationship. Five couples in all were prepared, each one was cleaned 
in a Minco solution, but not in 5% HNO3, as this left a black / brown smut on the 
surface of CuAl2, so this pre-treatment stage was left out. The couples were then 
treated as follows, one couple was left untreated, whilst the others were treated in 
Alochrom 1200, lOg/I sodium orthovandate, lOg/1 sodium orthovanadate and 2.25g/l 
sebacic acid, lOg/1 sodium orthovanadate and 2.1g/l azelaic acid respectively. The 
aim of the experiments was to investigate how a simulated 2014A - T6 Al alloy 
surface would corrode in a solution of 3.5% NaCl with different passivation 
treatments applied to the surface, by monitoring the galvanic current between the 
intermetallic (CuAl2) and the Al matrix. The chromated couple would provide a 
reference point for a current industrially accepted coating available for the protection 
of 2014A - T6 Al alloy. Thus the vanadate based treatments could then be assessed, 
relative to the uncoated and chromated couples. If a low corrosion current was noted, 
then the coating was providing better protection. Along with monitoring the corrosion 
current, the coupled potential was monitored. However, unlike the corrosion current, 
which was monitored via a PC, the potential of the coupled system was monitored 
using a digital voltmeter connected to the CuAl, and the commercially pure Al. 
Potential readings were therefore taken 2-3 times a day and plotted against the 
elapsed time. This data therefore gave only an indication of the coupled potential 
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trend and would not be in such detail when related to the corrosion current between 
the two electrodes, which was constantly monitored using the ZRA and the PC, the 
results are shown in figure 4.1-4.2. Figure 4.1 shows the values of galvanic corrosion 
current within the system, which is inversely proportional to the polarisation 
resistance. Therefore, if a plot of time vs polarisation resistance was plotted one 
would see a graph which is inverse to the one shown on figure 4.1 i. e high corrosion 
current will give a low polarisation resistance. 
4.12.1 Uncoated bimetallic couples 
The results obtained from these couples can be seen in figure 4.1 which shows the 
corrosion current data versus time for all the passivation treatments. The results 
indicated show an interesting comparison between the uncoated couple and the 
chromate treated sample. For the uncoated couple there was a high initial galvanic 
current at the outset of the experiment, this was possibly due to the system coming to 
equilibrium after initial set up and excess oxygen being used up in the solution. The 
corroding solutions were not aerated. Therefore, the system was left so that 02 would 
dissolve into the solution from the atmosphere. The potential-time plot (figure 4.2) 
gives a wide range of data, especially during the first 24 hours. In this time period the 
potential of the uncoated couple does not shift from its original value at 0 hours, 
because both commercially pure aluminium and CuAI, have similar potentials. 
Commercially pure aluminium has a potential of -730 mV versus SCE (according to 
Burleigh et al(155) , values will be slightly different from batch to batch but it remains 
around this value due to the trace inpurities which are added to make it commercially 
pure, these trace impurities therefore alter the potential from pure aluminium at 
around -850 mV vs SCE) and CuAl2 has a value of approximately -680 mV versus 
SCE according to Mazurkiewicz and Piotrowski( 156). The figure of -680mV was 
extrapolated from a graph in their paper as no figures were given and therefore, may 
be nearer -700 mV versus SCE in the first 24 hours (the figure given is different to 
that quoted earlier (-530 mV vs SCE) because Mazurkiewicz and Piotrowski('56 may 
not have used a sample of CuAI2 that was completely homogenised in their production 
of the sample leading to a difference in potential). It should be noted that the couple 
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comes to equilibrium after 24 hours, giving an equilibrium potential E«, R, at which 
point the couple will corrode freely. The rapid spiking and falling back of the current 
from 16 -72 hours was probably due to the couple under going pitting/repassivation. 
The Cl- ions then attack the oxide film, which will try then to go through the 
mechanics of repassivation on the commercially pure aluminium. However, this was 
possibly then broken down by a combination of the galvanic driving force of the 
CuA12 and the dissolution of the oxide film/lattice by the chloride ions. At 24 hours 
the potential of the couple was about -760 mV versus SCE. This value was slightly 
different to a literature value of a freely corroding specimen of 2014A - T6 Al alloy 
which has a Eco, i. value of -690 mV versus 
SCE according to Burleigh et al('s`) . This 
was most probably due to the area differences that are present in the simulated couple, 
as the area relationship of the CuAl2 and the commercially pure Al alloy are likely to 
be widely different to that of 2014A - T6 Al alloy. The D. C. electrochemical 
polarisation experiments (section 4.5.1) showed that a value of -670 to -695 mV 
versus SCE was observed. The difference between potential values of the 2014A - T6 
Al alloy and the laboratory prepared couple was most likely due to two aspects. The 
first being the area relationship (relevant to all the couples) where the CuAl2 has a 
greater surface area in the couple than the alloy. The area of CuA12 in 2014A - T6 Al 
alloy can only be estimated and was approximately 6.25% as a rough estimate 
calculated from SEM micrographs. However, this figure was dependent on the 
distribution of the CuAl2 throughout the 2014A - T6 Al alloy matrix. However, in the 
simulated couple the ratio of CuAI, to Al was a much greater value. 
The potential of the uncoated couple started to decrease steadily after 24-72 hours and 
beyond and may have happened for two reasons. Firstly the aluminium started to 
corrode in the 3.5% NaCl solution which forms a film over the surface of the 
aluminium making the corrosion reaction slightly more difficult. At which point the 
CuAl2 tries to drive the reaction faster as its main aim was to equilibrate the potential 
this mechanism continues as the aluminium forms aluminium hydroxide and 
hydroxychloride on the surface, the CuAI, also undergoes a corrosion process. The 
copper dissolves out of the CuAl2 as Cu` and then was oxidised to Cu2F, which was 
then further reduced on the surface of the CuAl, electrode to redeposit Cu metal, 
which acts as the cathode. The peaks that occur at between 72 and 168 hours gives an 
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indication that it was possible that rapid galvanic corrosion was occurring, as the 
current produced remains high. It should be noted, however, that the current remains 
constant at 70 µA and leads to a straight line. This was due to the fact that the 
galvanic current was so high that the instrumental electronics are saturated and not 
designed for this high current. Some of the troughs indicate a reduction in the galvanic 
current, this may be due to the formation of corrosion products on the surface of the 
electrodes insulating the surface and preventing electron flow. After 192 hours it can 
be seen that the ZRA's electronics are completely saturated as the galvanic corrosion 
rate increases. The higher rate may be due to the fact that as corrosion products are 
building up on the surface of the aluminium anode, this leads to a change in the 
cathode-anode ratio. As more of the aluminium was then protected by the non- 
conducting precipitates increasing the corrosion rate on the surrounding untouched 
aluminium area. The evidence for this theory can be justified as a similar experiment 
was carried out by Mansfeld and Kenkel(1G0) into the measurement of the galvanic 
current between two different Al alloys and a series of metals, e. g. copper, stainless 
steel 304L and 4130 steel. They found that the smaller the anode to cathode the 
greater the rate of corrosion. Throughout the coupling reaction between the CuAI2 
and the commercially pure aluminium, the process continues through the 336 hours, 
as it tries to obtain a stable equilibrium potential. The Al electrode had a very even 
white corrosion product covering the surface, this presumably was a mixture of 
aluminium hydroxide and aluminium hydroxyehlorides, which are most likely to form 
in chloride environments. As for the CuAl,, the most noticeable point with regard to 
this electrode, was that some areas of the electrode surface appear to have broken 
away and fallen into the solution. This may be due to the fact that some copper 
redistribution (de-alloying) was seen on the electrode occurring by the processes 
stated in section 2.2.4. No corrosion product was seen on the surface of the CuAIZ, 
however, the surface itself was slightly darker due to the de-alloying. 
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4.12.2 Bimetallic couples treated in Alochrom 1200 
On chromating the couple, the aluminium forms a protective chromate film. This 
coating can be seen when the couple was removed from the solution as a slightly 
yellow tinge on the aluminium surface. The CuAI2 does not film in the chromating 
solution due to the fact that any reaction between the copper in the intermetallic and 
the chromate ions in solution, will form copper chromate. Copper chromate is 
soluble (165) and will dissolve away from the surface of the intermetallic and into the 
bulk solution, leaving the surface uncoated. In "Chromium" by Udy (157), it states that 
when chromates, especially acid dichromates, are used in the treatment of copper and 
copper alloys for the purpose of removing scale and oxide films that have formed 
during annealing, the aim of this was to leave a pleasing appearance on the 
copper/copper alloy surface by dissolving away this outer layer. The mechanism by 
which it operates was that the acid, usually sulphuric acid, acts as the "dissolver", the 
dichromate controls the rate of attack of the copper surface, this leads to oxidation. 
The copper oxide scale formed will dissolve in the acid leading to the soluble cupric 
state, leading to a uniform surface. From this evidence it was therefore possible to 
assume that during the cleaning stage some of the copper in the CuAI, will dissolve 
out as copper dichromate (CuCr7O7)(1G5). This may explain as to why the CuAI, on its 
own showed a poor corrosion performance from the chromate treatment. 
When the chromated couple was connected and placed into the solution of 3.5% 
NaCl. The potential was initially lower than an uncoated sample due to the fact that 
the chromate coated sample decreased the potential in the cathodic direction. This was 
because the chromate inhibits the dissolution of the alumium from the 2014A-T6 Al 
alloy matrix, thereby shifting the EcOR potential value in the negative direction. After 
immersion in 3.5% NaCl there was a steady decrease in the corrosion current after 
approximately one hour. This was due to the fact that on the aluminium surface a 
protective oxide film was present provided by the formation of Cr, 03 during the 
chromating process. From other experiments carried out, it can be shown that the 
chromate does not easily passivate the surface of the intermetallic even when it was 
coupled, indicating one possible source of defects in the chromate film on 2014A-T6 
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Al alloy. This could be when a CuAL2 precipitate protrudes from the surface and in 
turn penetrates the chromate coating. At which point the chromate film may try to 
repassivate, but if the CuAI7 protrudes far enough from the surface it may not be 
possible to produce a protective film. Because by coating with chromate the CuAI2 
intermetallics will not coat (soluble dichromate) leaving the CuAlz on the 2014A - T6 
Al alloy uncoated and exposed. Udy(157) has shown that copper chromate was soluble 
and, from this it may be assumed that the copper in the CuAI, intermetallic will not 
coat leaving the intermetallic exposed. From figure 4.1 it can be seen that after 24 
hours the galvanic current was highly active, fluctuating between 12 - 17 µA, with the 
occasional large spike, the possible explanation for this spiking may come from the 
mechanism by which chromates protect metals. The results show that firstly, a 
reasonable low constant current flows due to the nature of the chromate conversion 
coating indicating a non-conductive coating. In the corrosive environment of 3.5% 
NaCl, the Cl- ions attack the coating and will eventually penetrate it causing a higher 
corrosion current to flow. Secondly, a reserve of Cr" was present and was reduced to 
form a Cr203 coating and this becomes insulating and a drop in corrosion current was 
seen. The coating was under constant attack and so the rapid attack causes 
depassivation by the Cl" ions and the repassivation by the Cr" can be seen by the 
peaks. One may assume that the higher the peak, the greater attack on the surface from 
the surrounding solution. 
After 24 hours the line on figure 4.2 shows that the potential decreases steadily until 
144 hours was reached, this steady decrease inversely matches the increase in current 
over the same period. This indicates that the chromated surface was constantly under 
attack and the surface of the aluminium was constantly being protected by forming a 
new layer of Cr, O1. This forms from the reservoir of Cr6+in the chromate film, 
similarly at the same time hydroxides and hydroxychlorides of aluminium start to 
build up preventing electron flow. Certain points on the curve show peaks and 
troughs, this could be due to a reaction mechanism, e. g. oxidation or some other 
mechanism associated with the corrosion of the CuAl2, e. g. redistribution of the 
copper on the surface of the electrode. One possibility could be that some of the 
copper was dissolving into solution, instead of redistributing on to the surface of the 
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cathode, and stays in solution. When it reaches the surface of the anode it reacts with 
the chromate surface causing some of the chromate to dissolve into solution as copper 
chromate causing further rapid corrosion. 
After 144 hours the potential rose slowly to around -810 mV versus SCE and it 
remained at around this potential suggesting that the reaction between the CuAI, and 
aluminium had reached some from of steady state, this had a higher potential than was 
seen from the uncoated sample. At 192 hours onwards the results show that the higher 
potential was most likely due to the fact that the uncoated couple was by this stage 
heavily corroded whereas the chromated sample was relatively untouched by 
corrosion and has very little corrosion product on the surface. The potential at 336 
hours had changed very little from 192 hours. However, the overall trend was that the 
galvanic corrosion current decreased to approximately 5 µA which indicated that the 
coating was still highly protective and that some form of protection mechanism was 
still occurring. It may be that the coating itself also becomes stable to chloride attack, 
i. e. that this higher potential shows the system coming to equilibrium. 
It should be stated that the chromate coated specimens were left in solution for 600 
hours and only then was the Al showing visible signs of corrosion. 
4.12.3 Bimetallic couples treated from 10g/I sodium orthovanadate 
When the couple was treated in the sodium orthovanadate solution, it appeared to 
passivate the CuAl2 rather than the aluminium, giving a darkish colour on the surface 
of the former electrode which could be smut formation as well as the vanadate 
coating. The CuAlz darkened to a blackish colour, similar to the colour obtained when 
panels of 2014A - T6 Al alloy were coated in solutions of lOg/l Na3VO4 at 60"C, for 
60 seconds. The aluminium appears unaffected and also retains its lustre. Once 
immersed in the salt solution, the galvanic corrosion current produced by the couple 
rapidly falls throughout the first hour coming to a plateau during the next 23 hours. At 
the same time from figure 4.2 it was evident that the initial potential has been 
depressed into the cathodic region to about -940 mV versus SCE. This was due to the 
CuAl2 being coated and the reduction in the reaction rate on the aluminium and 
145 
RESULTS AND DISCUSSION SECTION 
therefore there was a depressed potential. However, as the vanadate coating on the 
CuAl2 starts to react with the chloride ions in the solution, the couple tries to drive the 
galvanic corrosion current for the first 24 hours. After the first 24 hours the galvanic 
corrosion current was slightly less that that of the chromated sample and any 
microcracks in the film have been blocked by the initial corrosion products. These 
trends last until just after 144 hours when the chromated couple current drops below 
that of the vanadate. The reason why the vanadate coated couple has a galvanic 
corrosion current initially less than that of a chromate maybe because the CuAl2 was 
effectively coated in the vanadate. Then after 24 hours, reduction of the vanadate 
species on the surface of the CuAl2 electrode occurs resulting in a resistant coating 
indicated by a slight peak. After which, the reactions on the surface are fairly steady. 
The potential does not fluctuate much from 24 hours to 168 hours due to the slow 
build up of corrosion products on the aluminium surface. This may make the cathodic 
reaction on the surface increasingly difficult hence reducing the anode / cathodic area 
relationship even more. It should also be reiterated that on the chroinated couple, the 
chromate did not coat the CuAl2, because it protects in a different way, as the 
chromate coats the anodic sites (in this case being aluminium) and therefore it would 
not coat the cathodic CuAI,. The vanadate possibly acts as both a cathodic and anodic 
inhibitor depending on species type and therefore it will produce a film on the CuAI,, 
this then initially protects the surface from serious corrosion attack by reducing the 
rate at which the cathodic reaction occurs. This was thought to occur by forming a 
partially conducting film, reducing the sites at which the reaction will occur. The 
chloride ions may also breakdown some of the vanadate coating and form an insoluble 
corrosion product. The latter would account for the spikes present in figure 4.1 after 
144 hours. After 168 hours the potential decreases possibly due to the vanadate 
coating dissolving into the solution and leaving the surface of the CuAI2 exposed to 
enable de-alloying to occur (see section 2.2.4). The galvanic current fluctuates at 
around 15 - 17 pA at 168 hours and beyond, which was much higher than the 
chromated couple at this point in time. This may be because the vanadate coating on 
the CuA12 has broken down or corrosion products are falling off exposing fresh areas 
of intermetallics, therefore the galvanic corrosion current was increased. When the 
potentials of the uncoated sample from 312 - 336 hours and beyond are compared 
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with the vanadate it was observed that they are almost the same suggesting a similar 
type of mechanism was occurring, on the electrodes. This indicates that the sodium 
orthovanadate conversion coating has most probably completely dissolved away from 
the surface of the cathode and no longer protects the surface leaving the couple to 
corrode as if it were an uncoated sample of simulated 2014A-T6 Al alloy. 
When the experiment had finished, the electrodes were removed, on the surface of the 
aluminium there was a very fine film of white corrosion product. The fineness of the 
powder was very surprising and this may be a function of forming on a piece of 
commercially pure aluminium rather that an alloy. Also there was considerable de- 
alloying of the CuA12 which indicates that the surface of the intermetallic was highly 
active and that the de-alloying process was a cumulative one, which continues every 
time a fresh layer of intermetallic was exposed to the solution. This then leads to the 
rapid build up of copper onto the surface of the intermetallic according to the process 
described in section 2.2.4. 
4.12.4 Bimetallic couples treated from 10g/1 sodium orthovanadate and 
2.25g/1 sebacic acid 
On addition of the organic acids to the sodium orthovanadate coating solution a 
significant decrease in the galvanic current was noted on the coated couple for both 
the sebacic acid, and the azelaic acid containing solutions. The sodium 
orthovanadates / sebacic acid containing solution was again observed to coat the 
CuAI, rather than the aluminium, which appeared not to have a coating on it. 
Assuming that the aluminium was not coated, which appears to be the case, from the 
experiments carried out in section 4.13 the cathode / anode area ratio would be 
increased significantly, thereby reducing the overall galvanic corrosion current"') 
The exact mechanism by which the coating adheres to the surface was unknown at 
this time, but one can speculate that the sodium orthovanadates deposits on the 
surface of the CuAl2, possibly by reaction with the copper, forming a copper / 
vanadium ions complex. This would then enable the sebacic acid to react at the 
surface of the CuAl2 due to a localised pH change from acid to alkaline, forming 
sodium sebacate which then blocks any pores / cracks in the coating by precipitating 
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out and thus preventing current flow. This then makes the coating difficult to 
penetrate by other ions when in a corrosive solution. In the 3.5% NaCl, the chloride 
ions attack the coating by dissolving out the organic molecules reforming sebacic acid 
which then leaches out allowing the chloride ions to penetrate the sodium 
orthovanadate coating. Chloride ions then react with both the Cu and Al of the 
intermetallic along with the dissolution of the vanadate. The mechanism of blocking 
up the cracks in the coating can be justified when looking at section 4.7. This shows 
there was a mechanism by which the cracks of the vanadate coating may be filled and 
this was due to the presence of the organic molecules that are able to block because 
they react with the sodium ion from the vanadate solution. They then form the 
insoluble sodium sebacate/azelate depending on the acid used. Additional 
conformation for this can be inferred in the fact that from the results shown in section 
4.8, show that the sodium was attached to the organic molecules. The increase in 
protection of the couple over time by the Na3 VO4 / sebacic acid when compared to the 
normal vanadate was quite considerable. When sebacic acid was added to the sodium 
orthovanadate treatment solution the CuA12 appeared filmed and its colour darkened. 
Initially the aluminium appeared to be unaffected, as no film could be seen, however, 
it was possible that a thin film of either sodium sebacate, or another associated species 
had formed on the surface of the aluminium but the film was too thin for visual 
identification. Raspini('6') found that with organic compounds with functional groups 
similar to sebacic acid (carbonyl) and long chain hydrocarbons, in general the longer 
the CH2 groups chain length/ back bone the more effective the acidic groups were in 
reducing the attack of chloride ions on binary aluminium alloys. This information was 
then useful when assessing the vanadate / sebacic acid coated couple. The initial 
potential showed a significant decrease in the cathodic direction at 0 hours, this was 
due to sebacic acid possibly covering the CuAI2. Therefore it will drive the potential 
down due to the CuAl2 surface being inhibited, and so the Al then will try to drive the 
potential to equilibrium, (its normal value was around -670mV) after 24 hours the 
potential was around -760 mV versus SCE. There was a distinct difference of 
approximately 5 µA between the two (these being the sebacic and azelaic acid 
couples) with the sodium orthovanadate / sebacic acid being lower at about 7 µA for 
the first 24 hours. This result was mirrored in the salt fog tests where the sodium 
148 
RESULTS AND DISCUSSION SECTION 
orthovanadate surface was active in the first 24 hours. There was a gradual decrease in 
potential after 24 hours was due to corrosion product build up. However, the driving 
force between the CuAI2 and aluminium comes to equilibrium and the potential at 144 
hours onwards was higher than that of the uncoated sample. The possible explanation 
for this could be that sebacic acid was a good film former and may well have 
precipitated out, stopping chloride ions from reaching the surface. It was possible that 
the higher potential value was due to the CuAl2 being filmed and resisting Cl- attack, 
as well as retarding the cathodic reaction and therefore a lower driving force 
(potential) was seen. The lower corrosion rate complements the salt spray data, which 
showed that at times the coating was highly protective and resilient against chloride 
attack. Other times the coatings did not film properly, possibly due to the sodium 
sebacate inhibiting the initial film formation during the treatment stage and there was 
a subsequent increase in the corrosion rate due to a thinner film. 
After 24 hours the galvanic corrosion current appeared to be at equilibrium and 
fluctuates between 6-7 µA until 192 hours. After 216 hours the galvanic corrosion 
current appeared to rise indicating that the coating was breaking down, allowing 
greater electrochemical activity. After 336 hours the galvanic corrosion current was 
still a great deal less than the normal sodium orthovanadate coated couple indicating 
that the addition of the organic species was effective with the potential showing a 
steady decrease, indicating the further dissolution of the organics and the vanadate 
species. 
4.12.5 Bimetallic couples treated from 10g/1 sodium orthovanadate and 
2.1g/l azelaic acid 
The results for azelaic acid (figures 4.1,4.2) are almost identical to that of sebacic 
acid, most of the same comments noted for the sebacic acid-containing treatment also 
apply here. In a similar manner, azelaic acid will form sodium azelate in the sodium 
orthovanadate cracks on the intermetallic surface. It should also be noted that only 
the CuAl, of the couple was coated, reflecting what was previously said in the 
discussion of the sebacic acid. 
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A point to note with the azelaic acid was that there was a smaller carbon chain length 
in the molecule, smaller by 1-(CH2) than sebacic acid. If the organic was blocking 
cracks / pores then at this chain length it may not be long enough to twist around each 
other effectively and completely fill the gaps. 
When comparing the different treatments tested, all dramatically reduce the galvanic 
corrosion current when compared to the uncoated sample for the first 192 hours. The 
results indicate that the sodium orthovanadate-based coatings are better at reducing 
the galvanic corrosion current than chromates. The organic additions further improve 
the level of protection. However, after 192 hours the chromates still appear to be 
effective and their galvanic corrosion current stabilises at about 6-7 µA, whereas the 
vanadate based coatings show a slight increase in the galvanic corrosion current but 
still the current is lower that that of chromates. This slight increase was possibly due 
to the breakdown of the coatings and exposure of the metal surfaces when the 
corrosion products break away. Another point to note was that the chromates 
(Alochrom 1200) passivates the aluminium, whereas the sodium orthovanadate based 
coatings seem to film on the CuAI7 and the CuAl, suffers from de-alloying and 
ejection of metal particles from the surface leaving it pitted. 
4.13 Electrochemical polarisation techniques applied to various coatings 
deposited on coupled and uncoupled commercially pure aluminium 
and CuAI2 
This experiment was designed to see if, when coupled together, the CuAI, and 
aluminium reacted differently in the various treatment solutions, to the uncoupled Al 
and CuAI, samples. Both the commercially pure aluminium and the CuAIZ samples 
were cleaned in Minco, but not in 5% HNO3 due to the fact that the latter discoloured 
and formed a film on the surface of the CuAI2. When using the uncoupled samples 
each one was cleaned individually and then put into the treatment solution; whereas 
the coupled samples were connected electrically, using a zero resistance connection 
for both cleaning and coating. Coating formation was achieved in either Alochrom 
1200 or one of the sodium orthovanadate-based solutions. For the uncoupled samples 
the electrodes were then connected in the cell for polarisation trials. For the coupled 
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samples the electrical connection was removed and each electrode was then polarised 
separately. Figures 4.24-4.28 show how the different coatings effect Ec,,,, and 1,,,, and 
how they relate to each other. Tables 4.31 - 4.34 show the difference in the potential 
and RP for each individual type of treatment and how it is related to both the coupled 
and uncoupled systems. The Rp values give a good indication of how effective the 
coating is at preventing corrosion. 
4.13.1 Commercially pure aluminium 
4.13.1.1 Uncoupled commercially pure aluminium 
When the uncoupled uncoated commercially pure aluminium sample was subjected to 
D. C. electrochemical polarisation the resulting open circuit potential was of -760mV 
versus SCE (table 4.31). This was in agreement with a value quoted by Burleigh et 
al("'). An R,, value was not mentioned in Burleighs et al("') paper, so it can only be 
assumed that this was a true representative value. Experimental RP values for the 
uncoupled commercially pure aluminium is shown in table 4.31. 
4.13.1.2 Chromated commercially pure aluminium 
When the uncoupled sample of commercially pure aluminium was treated from the 
Alochrom 1200 solution, the resulting E, 0R shows that there was a slight shift of the 
potential in the cathodic direction indicating that there was a subsequent shift of the 
cathodic branch of the Tafel curve. This suggests that the Alochrom 1200 was a 
cathodic inhibitor or a mixed inhibitor, which was interesting as chromates are usually 
thought to be anodic inhibitors and in theory a rise in the value of E, 0R should 
be seen, 
however, this was not the case. The reason why this may have occurred was that the 
coating of the aluminium may not have taken place properly. It was possibly due to 
contamination in the chromate bath or that the commercially pure aluminium was 
unreactive towards Aloch om 1200, however, there was still a high presence of 
chromate on the surface. As the R1, value (table 4.31) rises by an order of magnitude, 
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this indicates that the chromate provides the aluminium surface with significantly 
more protection than the uncoated surface. 
4.13.1.3 Sodium orthovanadate treated commercially pure aluminium 
When coated from the bath containing sodium orthovanadate only, the Ecor shifts to 
-1050mV versus SCE, suggesting that the sodium orthovanadate has reacted with the 
surface forming a coating. This then makes the sodium orthovanadate a cathodic 
inhibitor, because it covers the cathodic sites leaving the more electronegative Al to 
drive the potential in the more negative direction. An interesting point to make here 
was that if pure aluminium (99.9999 % Al) instead of commercially pure aluminium, 
was treated in the same solution it would not coat("'). However, if cobalt chloride 
were present in the solution, a coating would form. This suggests that the cobalt 
chloride could be having a catalytic effect on the coating formation reaction. For the 
vanadate coated commercially pure aluminium, the mean R1, value jumps by 2 orders 
of magnitude to 2988 f cm2 (compared to uncoated 18 f cm2) pointing towards a more 
corrosion resistant coating. This may be so as the oxide film produced may provide 
further protection as well as a thick vanadate coating. 
The sodium orthovanadate coating showed, from the salt spray results, high activity in 
the first 24 hours. This was possibly due to the cracks / pores in the conversion 
coating on the surface being blocked by corrosion products. It was interesting to note 
that, conversion coatings that act as anodic inhibitors are usually thin and transparent, 
where as conversion coatings that effect the cathodic reaction usually are quite thick 
and are able to be scraped off. This was true for the 2014A - T6 Al alloy and for both 
the experimentally produced couple and uncoupled samples. A faint layer was 
produced on the commercially pure aluminium specimen due to the inclusions of the 
trace impurities and the high pH at 12.1 which will remove the oxide film and 
possibly deposit a layer containing a vanadate coating species possibly VO4, '-. 
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4.13.1.4 Sodium orthovanadate and sebacic acid treated commercially pure 
aluminium 
The vanadate and sebacic acid treated samples all have E, 0R values, which 
have been 
significantly shifted in the cathodic direction (more electronegative) than all of the 
other samples coated. This may be due to the effective nature of the coating on the 
aluminium i. e. covering cathodic sites, thus enabling the EcOR value to drop. The 
cathodic sites may be coated by the sebacic acid or sodium sebacate produced from 
the reaction of the sebacic acid at a pH of 12.1. It was also likely that, when the R, 
value of the commercially pure aluminium was observed, the value was very much 
decreased than the vanadate coating on its own. This points towards the fact that the 
sebacic acid / vanadate has not coated the surface as well as in the vanadate-only 
system. It was more likely a sodium sebacate film has formed on the surface 
preventing some initial reaction by the vanadate. It was well known that sebacic acid 
and sodium sebacate are corrosion inhibitors for aluminium ( Jeffcoat(''-')). So a thin 
layer of the sodium sebacate forms on the surface possibly due to the high pH around 
the surface of the aluminium causing an organic film to form as the high pH removes 
the oxide film. This would then prevent the vanadate species from attacking the 
surface and forming an effective coating. This was seen when the samples were 
removed from the treatment solution, as no darkening of the surface was apparent. 
4.13.1.5 Sodium orthovanadate and azelaic acid treated commercially pure 
aluminium 
The same theory for the vanadate and azelaic acid holds as the vanadate and sebacic 
acid, except that the vanadate and azelaic acid was less effective. This was probably 
due to the shorter chain length of the sodium azelate molecules that possibly would 
not adhere to the surface by chernisbsoiption as well as the sodium sebacate. 
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4.13.2 CuAI2 
4.13.2.1 Uncoupled uncoated CuA12 
The uncoupled, uncoated sample of laboratory produced CuAl, shows a steady open 
circuit potential (Eco, r) of around -653mV versus 
SCE (figure 4.26), this value was 
slightly different to that quoted by Polmear(''), who states that the E, o, r values should 
be -530mV versus SCE. The difference in values was probably due to the fact that, 
when the sample was produced it was made slightly aluminium rich which would 
certainly cause the samples' potential to be more electronegative. Combined with this 
the samples also contained impurities of other intermetallics such as CuAl, which 
would alter the Ec0R value. The mean Rp value at 36.9 SQcm' (table 4.32) was low, 
indicating a high corrosion rate as would be expected of an intermetallic. As the 
intermetallic itself would act as having both an anode and cathode, the cathode would 
be the copper intermetallic and the anode would be the aluminium. Different 
compositions of the CuAl2, may also act as anodes and cathodes, as a composition of 
CuAlX (x, y indicates varying Al content, the higher the copper overall the more noble 
the intermetallic) may be more noble than CuAly giving rise to galvanic corrosion in 
the same sample. Once the D. C. electrochemical scan had been run, the electrodes 
were removed and it was found that small areas of the surface had fallen out possibly 
due to intergranular corrosion / copper re-distribution (de-alloying), furthermore very 
little or no corrosion product was seen on the surface. Reactions of other 
intermetallics and binary alloys similar in composition to CuA12, alloys such as FeSn2 
and Zn-Cu alloys show similar mechanisms of corrosion as seen in CuAl,. In a paper 
by Bertazzoli et al (163) they state that there was no exact dissolution mechanism that 
covers all the intermetallics and binary alloys. However, there was a general 
consensus that there was selective dissolution of the less noble metal. However in 
Bertazzoli et al( 163) paper they describe the effects of anodic stripping voltammetry on 
FeSn2 in IM HCl to try and determine exact corrosion mechanisms. Their results 
showed that there were two possible corrosion mechanisms that were taking place. 
One mechanism was the dissolution of unalloyed tin and the other was the dissolution 
of the alloy layer as a whole, which then acts/behaves as a pure metal. When 
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dissolution occurred, they found dissolution of the alloy layer more likely than the 
iron dissolving out of the intermetallic leaving an enriched tin region on the 
intermetallic. With this in mind it was possible that CuAl2 reacts according to a 
mechanism as stated by Pickering°64 who states that once the level of the noble metal 
has reached a point at which there was a certain level of enrichment of that noble 
metal then the mode of dissolution becomes non-selective and this would account for 
the redistribution of copper on the electrode surface. 
4.13.2.2 Uncoupled chromated CuA12 
The chromate coated uncoupled sample of CuAl2 gave a mean Ec0 potential of - 
812mV versus SCE, which was a significant shift in the cathodic direction when 
compared to the uncoated sample. When the copper and the chromate react they form 
soluble species which then dissolve away from the surface, leaving an aluminium 
enriched outer surface. This then will cause the potential to fall due to a smaller 
copper to aluminium ratio at the surface and secondly as chromates act as anodic 
inhibitors on aluminium, any aluminium will be coated. The possibility exists that the 
compound copper (II) dichromate was formed having the formula CuCr; O7.2H, O. It 
is stated in the CRC handbook of Chemistry and Physics (165) as being very soluble at 
room temperature and was also soluble in both acid and alkali. It has a black 
colouration, which would account for the slight darkening of the surface when 
removed from the coating solution. There are two other possible copper chromate 
compound that could form, these are insoluble and they are unlikely due to the small 
increase in the value of R1,. The first compound was copper (II) chromate (basic) - 
CuCrO4. CuO. 2H20, but this was unlikely due to it being insoluble in most solutions 
except dilute acid and NH4OH and the colour would be yellow / light brown and this 
was not seen on the coated surface of the intermetallic. The other possible 
compounds that could be formed are copper (I) chromite, Cu2Cr7O4. However, this 
was only soluble in nitric acid and would be probably difficult to form, as it was a Cu' 
species. It does not have a grey / black appearance, but it may be possible that traces 
may form aiding corrosion resistance. From the increase in R1, value as seen in Table 
4.32 some form of corrosion inhibition was taking place and this may be due to the 
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aluminium intermetallic areas being passivated by the chromate, as the copper areas 
would almost certainly be left exposed / uncoated. It also must not be forgotten that 
when the intermetallic CuAl, corrodes there was the possibility of dissolution of 
copper from the electrode surface itself. This then may redeposit on the surface of the 
electrode somewhere else causing further conduction and breakdown of any oxide 
film that may have formed on any aluminium rich areas. The overall inference was 
that chromates are not particularly effective at passivating CuAI,. 
4.13.2.3 Uncoupled CuA12 treated firom IOg/1 sodium orthovanadate solution 
The treated CuAl2 from the sodium orthovanadate solution showed a shift in the 
cathodic direction of the value of E0R when compared to that of an uncoated sample. 
The mean value of -811 mV versus SCE is some 140mV less than that of the uncoated, 
suggesting that the CuAl, may have been coated from the solution. The mean 
potential shift from an uncoated sample was similar to that of chromates giving a 
value of around 812mV. However, when the value of R, was considered it can be 
shown that the value of the vanadate coated sample has an R1, value of 1188 S2em2, 
compared to a chromate value of 97 Ocm2. This suggests that the vanadate solution 
not only forms a film on the CuAl,, inhibiting any cathodic reaction on the surface but 
also forms a corrosion resistant film. It may also effect the rate of de-alloying from 
the surface of the CuAI,. From these results the vanadate on its own looks to be very 
effective. A point to note was that the Ecof value and R1, value for the first sample 
analysed seems to be close to that of an uncoated sample. Which may mean that at 
times the coating does not necessary deposit / react with the surface of the CuAI2 
effectively and this point should be borne in mind when observing other results and 
coatings on 2014A - T6 Al alloy. 
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4.13.2.4 Uncoupled CuA12 treated IOg/l sodium orthovanadate and 2.25g/l sebacic 
acid 
The vanadate / sebacic acid coated sample also showed an E,, 0 shift 
in the cathodic 
direction indicating that the cathodic reaction was being inhibited (at -831 mV versus 
SCE). These E, 0 values show a 
large spread over the three values: -901, -855, and - 
737mV versus SCE, pointing towards the fact that the experimental results are not 
necessarily reproducible. The reason for this maybe that sebacic acid (or at the pH of 
the solution; sodium sebacate) was quite effective at film forming and this maybe 
coating the surface of the CuAl7 initially preventing the surface access to the vanadate 
species. Therefore the ability to form an effective vanadate / sebacate coating was 
greatly reduced. This would also account as to why two of the R. values of the 
vanadate / sebacic acid were almost identical to the uncoated samples (at an overall 
mean value of 353Qcm2. We know from the vanadate-only solution that the R values 
should be in excess of 1000 Surn`; therefore it can be assumed that the sebacic acid 
forms a film initially on the surface preventing attack by the vanadate species. Hence 
on an uncoupled sample of CuAl2 a poor coating formed from the sodium 
orthovanadate and sebacic acid solution. 
4.13.2.5 Uncoupled CuA12 treatedfrom IOg/1 sodium orthovanadate and 2. Ig/l 
azelaic acid 
The results obtained from coating in the vanadate / azelaic acid solution are very 
interesting as they do not reflect what one would expect to happen when compared to 
sebacic acid. It would be fair to assume that the azelaic acid would react in a similar 
fashion to the sebacic acid, due to the fact that the only difference in structure is 2- 
CH2 groups in the organic chain. However, the results obtained for the vanadate / 
azelaic acid sample suggests that some form of anodic site inhibition was taking place 
as afforded by the coating. This was due to the shift in the anodic (more 
electropositive) direction for ECO, r, giving a mean value of -537mV versus 
SCE. The 
possible conclusion that can be drawn from this was that, like the sebacic acid the 
azelaic acid was acting, as a film former; i. e. converting to sodium azelate and then 
157 
L TS AND DISCUSSION SECTION 
coating the surface of the CuAI7. This then prevents further reaction of the vanadate 
solution with the surface. Azelaic acid may also act as an anodic inhibitor, thereby 
shifting Eco,, in the cathodic direction. The RP values also give the indication that the 
coatings formed are poor and may not be very adherent as the mean value of 81 S2crn 2 
was less than that of the chromated, vanadate or vanadate and sebacic acid coatings. 
This means the CuAl, corrodes quickly and if there was no coating, rapid de-alloying 
will take place. . 
4.14 Electrochemical reactions of the coupled electrodes with the coating 
solutions 
For this part of the experiment the CuAl2 and commercially pure aluminium were 
coupled by a zero resistance electrical connection and then cleaned and immersed in 
the various treatment solutions to coat the surface and tested individually using D. C. 
electrochemical polarisation analysis. The results are presented in tables 4.33-4.34. 
4.14.1 Bimetallically coupled aluminium 
4.14.1.1 Coupled uncoated commercially pure aluminium 
The uncoated aluminium showed that when coupled and tested after cleaning in 
Minco the value of E,, 0R was much more negative 
(i. e. shifted in the cathodic direction) 
than an ordinary uncoupled sample of commercially pure aluminium, see table 4.31. 
This was because with the added driving force of the couple the rate of dissolution in 
the Minco solution was even greater than the uncoupled commercially pure Al. The 
possibility exists that any impurities from the trace elements that rest on the surface 
are leaching away from the surface, leading to the more cathodic potential. The very 
low value of RP may also be due to the galvanic couple during cleaning. If the surface 
has been attacked significantly by the Minco and the rate of dissolution of aluminium 
was increased due to the added galvanic driving force, the surface left may be much 
more active. If tested quite soon after cleaning the oxide film may take a longer time 
to form a significant protective layer on the surface, hence the lower value of R3,. The 
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trace elements on the surface may also decrease the value of RP as Budgen comments 
in his book( 166) . 
"The presence of metallic impurities (as in this case) or alloyed metals, 
introduces electrolytic effects, particularly where such impurities are widely separated 
in the electrochemical series. For example aluminium of 99.5% may show double the 
corrosion resistance of a sample of 99.0% aluminium, since foreign elements arc 
reduced by 0.5 %". It was also possible that with the higher driving force provided by 
the couple and the possibility that copper may dissolve out of the CuAI, electrode and 
possibly redeposit on the Al during cleaning, it was not surprising that the Rp was 
much lower. A way of testing this theory would be to perform atomic absorption 
spectroscopy on the resultant Minco solution after the coating process to see if the 
copper content in the Minco solution had increased. 
4.14.1.2 Coupled chromated treated aluminium 
The chromate treated coupled Al sample showed different results from that of the 
uncoupled aluminium in that the mean Ec0R value -851 mV versus SCE was shifted 
further into the cathodic region than both the uncoated and chromate uncoupled 
sample. This then indicates that it was inhibiting the cathodic site and therefore 
retarding the cathodic reaction. This was unusual as chromates usually inhibit 
aluminium metal dissolution i. e. the anodic reaction, however, this shift in the E. o,,. 
value could be due to the actual chromate coating not being properly formed or the 
aluminium was too reactive evolving hydrogen due to the coupling. This, therefore, 
prevented the chromate from reacting with the surface of the aluminium and so a 
`poor' coating was formed. This can be confirmed by the low value of RP (10 Qcm2) 
compared to the uncoupled chromated sample of aluminium's value of 233 S2cm2. 
The former value was also less than that of the uncoupled uncoated sample. So the 
coupling of the CuAl2 seriously affects the chromate coating formation on the 
aluminium. It should be pointed out that in a sample of 2014A - T6 Al alloy the area 
ratio of CuA12 to Al was more likely to be 1: 5000 or considerably more than 1: 50, 
which it was during this experiment. Therefore under `normal' treatment conditions 
on a piece of 2014A - T6 Al alloy a good chromate coating should form which will be 
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highly corrosion resistance. Another point to consider was the formation of any oxide 
or hydroxide on the surface of the aluminium due to the poor coating. 
A satisfactory coating will take time to form and the aluminium oxide / hydroxide 
may not have had sufficient time to form over the chromate coating, as the couple was 
removed from the coating solution and immediately tested. This then reduces the time 
that the oxide film has to form and once put into the solution any oxide film present 
will be attacked by the chloride ions. However, the more likely explanation could be 
that the chromate film had not formed properly and when attacked by chloride ions it 
was unable to protect the aluminium from surface corrosion. 
4.14.1.3 Bimetallic alloy coupled aluminium treated firom a solution containing 
IOg/l sodium orthovanadate only 
We have seen previously that the uncoupled commercially pure aluminium treated 
from the sodium orthovanadate solution gave a mean ECOR of -1050 mV Vs SCE (table 
4.31) and a mean RP value of 2989 c2cm2. Compared to the coupled commercially 
pure aluminium, we can see that the value of E, 01, was slightly more electronegative 
(greater cathodic shift) with a mean EcoR value of -1107mV versus SCE, and a R1, 
value of 113 f2cm2. The difference in the two results could indicate the following. 
Firstly that the potential difference between the CuAl2 and aluminium was high, this 
helps the treatment solution to react quite fully with the aluminium. The value of - 
1107mV versus SCE still means that on the aluminium, any possible cathodic sites are 
coated by the vanadate thereby reducing slightly the chance of a cathodic reaction 
occurring on the surface. This then decreases the ratio of cathode to anode area (159XI60) 
further allowing the aluminium potential to be decreased in the cathodic direction, as 
aluminium was more electronegative. Secondly the low value of R1, can be equated to 
the fact that on observing the couple during coating a great deal of gas evolution came 
off the surface of the aluminium, which was likely to be hydrogen. The hydrogen gas 
evolution inhibits the passage of the vanadate species to the surface by stopping it 
getting through the diffusion layer, thereby reducing the coating thickness that forms 
and hence a much reduced RP value; which would equate to a high corrosion rate. 
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However, using the Rp values, this coating was still `better' than uncoupled 
commercially pure aluminium, coupled commercially pure aluminium, and coupled 
chromated aluminium. 
4.14.1.4 Bimetallically coupled commercially pure aluminium treated from a 
solution containing sodium orthovanadate IOg/l and sebacic acid 2.25g/l 
The mean E, 0R value at -1034mV versus 
SCE (table 4.33) was shifted more in the 
anodic direction when compared to than of the uncoupled sample. However, the RP 
has increased in value compared with the uncoupled commercial pure Al suggesting 
the addition of sebacic acid and the couple enabled an effective coating to be 
deposited. The Rp value of the uncoupled aluminium coated from this solution was 
146 S2cm2 compared to 233 Qcm' for a chromated sample, as we have seen the 
chromated bimetallic coupled sample has an R, value of only 10 S2cr2. So a mean 
value of 351 S2cm2 for the vanadate and sebacic acid can be regarded as a much more 
effective corrosion resistant film. The reason why this result may have been obtained 
could be that at the pH of the solution the potential difference of the couple produced 
quite considerable amounts of hydrogen when no sebacic acid was present. However, 
it was noticed that when the couple was immersed in the solution containing the 
vanadate and sebacic acid, initially, no gas evolution could be seen. This was possibly 
due to the fact that on immersion of the couple the sebacic acid / sodium sebacate 
formed a thin film on the surface of the electrodes, thereby reducing attack by the 
hydroxide ions from the alkaline solution. Any sebacic acid present will convert, to 
sodium sebacate again coating the surface, at the same time the vanadate species will 
also be able to react and then form a coating on the surface with the sodium sebacate 
acting as a crack filler / and corrosion retardant. In a paper by Raspini('6') he carried 
out work into the use of organic acids on aluminium and aluminium alloys at pH 6.6 - 
7.2. Raspini° 61 found that some organics, such as sodium acetate, stabilise passive 
and oxide films (this may be extended to the vanadate one as well) as well as retarding 
pit growth (caused by intermetallics, possibly) to a certain extent. Thus once initiated 
this leads to a slower rate of corrosion. 
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4.14.1.5 Bimetallically coupled commercially pure aluminium treated from a 
solution containing sodium orthovanadate and azelaic acid 
The results of adding azelaic acid to the vanadate solution are fairly similar to that of 
the vanadate / sebacic acid solution. Again there are similarities in ECOr between the 
uncoupled commercially pure aluminium and the coupled commercially pure 
aluminium -1139mV versus SCE and -1156mV versus SCE respectively. Therefore 
the coatings may well be forming in a similar way to the sebacic acid and inhibiting 
the cathodic reaction, thereby reducing the corrosion rate, and producing a higher R1, 
than that of an uncoated sample. However, on coupling the aluminium to the CuAI2 
the vanadate / azelaic acid coating on the commercially pure aluminium seemed 
different when compared to the vanadate / sebacic acid coated sample. The RP values 
differed by 64 S2cm2 with the vanadate / sebacic acid coated piece of aluminium 
having the higher value of 351 S2cm2 suggesting that the vanadate / sebacic acid has a 
greater corrosion resistance. This result in itself was interesting as it highlights the 
fact that with the removal of two -CH-2 groups the corrosion resistance has 
diminished. 
4.14.2 Bimetallically coupled CuAl2 treated from various different coating 
solutions 
4.14.2.1 Uncoated bimetallically coupled CuA12 
There was a dramatic shift in E. ,,,, r 
in the cathodic direction (table 4.34) indicating that 
the electrode has become more electronegative, implying that when uncoupled and 
cleaned the mean Ec ,,,, value of -653mV versus 
SCE which was normal for this 
intermetallic(12) was radically changed. The shift to -874mV versus SCE for the 
coupled electrodes indicates that the nobler element has possibly been removed from 
the surface, i. e. copper, which then causes the value to become more cathodic. The 
removal of the copper was probably due to de-alloying during the cleaning stage, 
which would account for an increased amount of aluminium on the surface as well as 
a shift in the cathodic direction of the Ec0 value. The dissolved copper may not 
redeposit on the surface of the CuAl2 electrode, which occurs in some cases, it may 
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redeposit on the aluminium anode during coupling, which may be why the RP value of 
the bimetallically coupled commercially pure aluminium, was very much smaller than 
the uncoupled sample. The redeposited copper on the surface causes more bimetallic 
couples to be set up on the Al. 
CuAl2 > Cu' + 2Al 
redeposited 
(4.17) 
The theory of the removal of the copper and therefore reduction in the copper / 
aluminium ratio on the surface (therefore reduction in cathode / anode areas) can be 
backed up by the fact that the Rs, value (73.5 Qcm2) of the CuAl, electrode was almost 
double that of the uncoupled electrode. This points towards removal of some of the 
galvanic corrosion element, i. e. copper, therefore leading to an aluminium rich 
sample. 
4.14.2.2 The chromated bimetallically coupled CuA12 sample 
The mean value of R,, (76.6 )cm2) of the chromated coupled CuAI, was similar to that 
of the chromated uncoupled sample the difference being 20 Qcm2 between the two. 
The coupled sample of CuAI, has the lowest RP value at 76 c2cm2. The reason for this 
result may be the fact with the potential difference between the two coupled metals, 
and the rate of dissolution of the copper metal into solution maybe even faster than 
just de-alloying. So if copper dichromate was produced and was soluble as well, 
removal of copper from the surface will be even faster than dissolution of copper 
chromate from the surface and therefore, likely to impede the formation of a chromate 
coating over the rest of the electrode surface. The aluminium sites may be unable to 
be coated effectively due to the reaction between the chromate and copper at the 
surface thereby depleting the surface of chromate ions. Any hydrogen evolution 
produced during the reaction may also inhibit the chromate ions from reacting at the 
surface with any remaining aluminium. 
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4.14.2.3 Bimetallically coupled CuAl2 treated in a IOg /l sodium orthovanadate 
solution 
The coupled vanadate treated sample showed a fairly consistent E, a, r value with the 
uncoupled vanadate treated sample. This may be because the vanadate coats the 
surface of both electrodes in exactly the same way whether it was coupled or not as 
during the coating process there was nothing in the solution that should stop the 
coating process. From the results obtained it appears that the copper was coated 
leaving some of the intermetallic's aluminium to depress the potential further into the 
cathodic region. This then gives the mean potential as -849mV versus SCE, whereas 
the uncoupled sample has a mean ECO, t of -811 mV versus 
SCE. When comparing R,, 
values the uncoupled CuAl2 sample showed a decrease in R. compared to the coupled 
sample. This was because the vanadate was stopped from coating onto the surface of 
the CuA12 because of the cathodic reaction or by de-alloying that was occuring on the 
surface, thereby preventing the vanadate species from reacting with the surface of the 
CuAl2. It can, however, be seen from the Eiar. data in table 4.34 that there was quite a 
wide range of values. Therefore it can be said that the coating of the CuAI, occurred 
in the vanadate solution. However if the CuA12 was coupled then it was harder for the 
reaction between the vanadate and the CuAl2 to proceed due to the cathodic reaction 
or de-alloying occuring on the surface. This then gets in the way of the vanadate 
species and preventing the species from reacting with the surface of the CuA12. 
4.14.2.4 Bimetallically coupled CuA12 treated from a solution containing sodium 
orthovanadate IOg/l and sebacic acid 2.25g/l 
The results for this coating on the coupled and uncoupled samples of CuAlz are very 
interesting, due to the fact that they both have the same mean R, value (a difference of 
2 Qcmz and can be regarded as negligible), indicating the same protection offered by 
the coating. However, on the uncoupled sample, the figure of 353 Qcm` exists only 
because of one sample having quite a high value of RP. this compensates for the other 
two low values (in the forties) this then may indicate that the true value was a lot 
lower. This becomes a mean of 353 Qcm2 indicating that the uncoupled sample was a 
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erroneous result, which probably means the coating process on the uncoupled CuAI, 
sample can be regarded as a coating which was not easily reproduced. However, 
when coupled, the CuAl, reacts with the solution, the coating produced was much 
more effective and this was possibly due to the presence of sebacic acid which may 
inhibit the dissolution of copper. Another possibility could be that when the reaction 
on the surface of the CuAl2 was occurring the sebacic acid attaches to the aluminium 
sites in the matrix (see Jeffcoat' 127)) . The vanadate covers some of the copper as well, 
it as enables the sebacic acid to precipitate out in the vanadate coating inhibiting 
aluminium sites. This inhibition would account as to why the potential of the CuAI, 
was more noble than the uncoated. This might be that the vanadated sample has more 
copper on the surface and was shifting the potential in the anodic direction. 
4.14.2.5 Bimetallically coupled CuA12 coated in sodium orthovanadate JOg/l and 
azelaic acid 2.1 g/1 
It appears from these results the same trends are occurring as shown for the vanadate 
and sebacic acid coating, except that for this coating the value of R has greatly 
increased for the coupled CuAI, than for the uncoupled coated sample. This was 
probably due to the more active nature of the reactions going on. The rise from 81 
Qcm2 to 470 Qcm2 (table 4.34) constitutes a significant increase. The greater RP value 
for the coupled vanadate sebacic acid coated sample suggests greater corrosion 
resistance. However, on observing the data for the R1, values there was a larger range 
of values suggesting the formation of the coating on the surface was not consistent. 
The range of values for the vanadate and sebacic acid are fairly close suggesting 
consistent coatings and formation. Again the E,, 0R value was shifted in the anodic 
direction (electropositive) suggesting the aluminium was again coated by the azelaic 
acid / sodium azelate that has precipitated out. The result in this case showed that the 
azelaic acid reacted in a similar fashion to the sebacic acid and provided adequate 
corrosion protection against a corrosion environment such as 3.5% NaCI. 
165 
RESULTS AND DISCUSSION SECTION 
Coating type Econ. 
(mV Vs SCE) 
Mean 
Potential 
(mV Vs SCE) 
Rp 
(S2cm2) 
Mean Ito 
(c cm2) 
Uncoated -774 -747 -765 -762 22.2 23.4 9.46 18.4 
Chromate -790 -784 -861 -811.7 24.8 213 462 233.3 
Vanadate -998 -1033 -1119 -1050 4440 2566 1960 2988.7 
Vanadate + -1121 -1171 -1147 -1146.3 89.2 190 159 146.1 
sebacic acid 
Vanadate + -1148 -1108 -1160 -I138.7 137 122 160 139.7 
azelaic acid 
Table 4.3 1 Uncoupled commercially pure aluminium coated using various vanadate based treatments 
Coating type Ecorr 
(mV Vs SCE) 
Mean 
Potential 
(mV Vs SCE) 
Rp 
(Qcm2) 
Mean Rp 
(Qcm2) 
Uncoated -654 -649 -658 -653.7 43.3 35.4 32 37 
Chromate -830 -791 -815 -812 88 97.7 105 97 
Vanadate -718 -848 -868 -811.3 32.4 2100 1430 1185 
Vanadatc + sebacic -901 -855 -737 -831 964 48 47.5 353 
acid 
Vanadate + azelaic -632 -446 -534 -537.3 65.4 48.9 129 81 
acid 
Table 4.32 Uncoupled CuAI2 coated using various vanadate based treatments 
Coating type Ecorr 
(mV Vs SCE) 
Mean 
Potential 
(mV Vs SCE) 
Rp 
(S2cm2) 
Mean R1) 
(Qcm2) 
Uncoated -791 -826 -828 -815 0.47 1.29 3.71 1.82 
Chromate -859 -856 -840 -851.7 1.86 24.9 2.2 9.7 
Vanadatc -1 142 -1079 -1100 -1 107 27.9 71.4 240 113.1 
Vanadate + sebacic -1100 -990 -1014 -1034.7 289 390 375 351.3 
acid 
Vanadatc + azelaic -1178 -1128 -1160 -1155.3 384 335 144 287.7 
acid 
Table 4.33 Bimetallically coupled commercially pure aluminium coated using various vanadate based 
treatments 
166 
RESULTS AND DISCUSSION SECTION 
Coating type Ecotr 
(mV Vs SCE) 
Mean 
Potential 
(mV Vs SCE) 
RP 
(S2cm2) 
Mean Rp 
(S)cm2) 
Uncoated -835 -860 -928 -874.3 54.2 92.9 73.3 73.5 
Chromate -841 -840 -840 -840.3 92 79.5 58.3 76.6 
Vanadate -942 -827 -780 -849.7 982 17.7 12.8 337.5 
Vanadate + sebacic -442 -432 -486 -453.3 289 390 375 351.3 
acid 
Vanadate + azelaic -596 -621 -531 -582.7 773 569 70.1 470.7 
acid 
i aoie ß+. s4 rsimetauicauy coupiea LuAt2 coated using various vanadate based treatments 
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5 CONCLUSIONS 
The following conclusions can be drawn from the experimental results, 
Metallographic results: - The results show that 2014A-T6 Al alloy contains two types 
of precipitates CuAl, and CuMgAl2. The precipitate CuA12 was the main contributing 
factor in corrosion of the alloy as it acts as the noble (cathodic) element leading to 
rapid galvanic corrosion. The SEM analysis showed that these precipitates are widely 
spread over the surface with the CuAl2 precipitates being spherical and the CuMgAI, 
precipitates angular. 
Surface treatments: - The sulphur containing treatment solutions proved to be 
ineffective in coating the 2014A-T6 Al alloy. The use of sodium orthovanadate as a 
conversion coating proved to be more promising. The coating produced by this 
solution showed to be effective at preventing corrosion of the 2014A-T6 Al alloy 
surface in the long term. The coating produced gave a significant increase in corrosion 
protection when compared to most non-chromate conversion coatings. When the 
sodium orthovanadate had organic inhibitors added to the solution varying results 
were obtained. When benzotriazole was added to the sodium orthovanadate solution, 
very little advantage was gained. However, with the addition of organic acids (e. g. 
sebacic acid) to the sodium orthovanadate solution, the resulting coating produce 
proved to be much more effective. The results showed an increase in corrosion 
protection, Therefore organic acids such as sebacic and azelaic acid proved to be 
highly effective when added to sodium orthovanadate. An over all picture can be seen 
in tables 4.37a and 4.37b 
Surface analysis: - Both the SEM and EDX, combined with the AES results gave a 
very effective overall picture of the nature of the conversion coatings produced on the 
surface of the 2014A-T6 Al alloy. The results indicate that the organic acids (sebacic 
and azelaic) are able to block the micro cracks/ pores in the vanadate conversion 
coating. The AES results show categorically that the sodium and carbon from the 
organic chain was trapped into the vanadate coating. The AES results also indicate 
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that the sodium ion was bonded to the organic chain and this caused deposition in the 
micro crack/pores via the formation of the organic sodium salt. The mechanism for 
the formation of the organic salt in the micro cracks/ pores occurs due to the localised 
pH change on the surface of the 2014A-T6 Al alloy. Vanadate coating formation 
produces large amounts of OH" ions as the coating grows. The OH" ions are most 
abundant at defect sites, at which point they then react with the hydrogen ion on the 
carboxylic acid group at each end of the organic acid molecule. This then forms water, 
leaving the sodium ions in the solution to react with the negatively charged organic 
ion (at each end of the molecule) forming the insoluble organic salt in the micro 
cracks/ pores. This therefore, prevents the passage of chloride ions to the surface of 
the 2014A-T6 Al alloy when exposed to a corrosive environment. 
Corrosion resistance analysis: - The D. C electrochemical polarisation results seem to 
back up the hypothesis that the sodium orthovanadate solutions containing either 
sebacic acid or azelaic acid provide a similarly good corrosion resistance against 
chloride ion attack. This resistance was comparable in the early stages to that of 
chromate conversion coatings. The sodium orthovanadate solutions containing either 
sebacic acid or azelaic acid also have higher polarisation resistance (R,, ) values 
(indicating low corrosion rates) than any other coatings investigated in this thesis. 
This indicates that with the addition of the organic acids to the vanadate solution a 
conversion coating can be produced that was of similar corrosion resistance to 
chromates for well over 300 hours. 
CuAl2 production and analysis: - The sample of laboratory-produced CuAI2 when 
analysed by XRD showed that along with CuAl2, other compounds were present 
(within the intermetallic pellet), if the ratio of copper to aluminium was not correct. 
Compounds such as CuAI and CuAls were identified as well as compounds with 
stiochiometry close to CuAl2. The majority of the pellet produced contained a copper 
to aluminium ratio that indicates the formula of the pellets to be CuAI17. 
CuAlz-Al electrochemistry: - When a pellet of laboratory produced CuAI, was 
galvanically coupled with commercially pure aluminium, the resulting couple acted 
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electrochemically in a manner very similar to a sample of 2014A-T6 Al alloy. The 
results from the ZRA showed that the couples coated from the sodium orthovanadate 
solutions containing either sebacic acid or azelaic acid, showed considerable corrosion 
resistance when compared to the chromated coated couple. However, as this test was 
the first one carried out on brand new equipment then a repeat of the experiment is 
recommended to see if the results obtained are a true reflection of what one should 
expect if the two metals are coupled. 
The D. C. electrochemical polarisation results appear to show similar trends for both 
the commercially pure alloy and the CuA12, when coated from the sodium 
orthovanadate only solution, and the sodium orthovanadate solutions containing either 
sebacic acid or azelaic acid when compared to the chromated samples. These samples 
all showed higher Rp values than the chromate, which indicate in the short term that 
the vanadate coating was much more corrosion resistant than the chromate. 
Salt fog exposure testing: - All the surface treatments produced, with exception of the 
sodium orthovanadate solutions (either sodium orthovanadate on its own or 
containing sebacic or azelaic acid), showed no sign of increasing the corrosion 
protection of the 2014A-T6 Al alloy. This indicates that coating produced by the 
sodium orthovanadate improves the corrosion resistance and the precipitates formed 
by the organic inhibitors considerably reduce the rate of corrosion by preventing the 
ingress of Cl- ions to the surface of the 2014A-T6 Al alloy. 
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6 FURTHER WORK AND RECOMMENDATIONS 
1. Test other copper containing aluminium alloys (e. g. 2024-T3) to see if those 
alloys can be coated by the vanadate/ organic acid solution and assess whether the 
coating prevents corrosion. 
2. Investigate other organic acids with similar structure but different chain lengths, in 
order to investigate whether they match or increase the corrosion protection 
afforded by the coating. 
3. Substitute other transition metals ions for vanadate e. g. tungstate or molybdate to 
see if other transition metals can provide better protection than vanadate. 
4. Investigate the possibility of thickening the oxide film above the coated surface by 
the use of a high temperature growth mechanism of the oxide film and use a 
precipitation sealing mechanism whereby the organic molecules are trapped in the 
oxide film. 
5. Investigate further the de-alloying process that occurs from the CuAI2 and 
investigate way in which it can be reduced or eliminated, perhaps by appropriate 
chemical pretreatment. 
6. Repeat the ZRA work just to make sure that the brand new equipment was set up 
and working correctly. 
7. Clarify the results obtained using the D. C. electrochemical analysis, by using a 
technique such as Electrochemical Iinpedience Spectroscopy. 
8. Further investigate the angular precipitates and try to explain as to why the SEM 
results indicate that no Mg was present in the precipitates when in the litrature 
these precipitates should contain Mg. 
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8. APPENDIX 
Graph of corrosion current produced by galvanic coupling of CuA12 and commercially pure aluminium 
coated from various solutions and Immersed In 3.5% NaCl at 23oC 
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Graph of corrosion potential produced by galvanic coupling of CuAI2 and 
c ommercially pure aluminium coated from various solutions and immersed in 
3.5% NaCl at 25oC 
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Potentiodynamic polisation curves for various sulphide coatings (2000 30sec) on 2014A - 
T6 Al alloy in 3.5% quiescent NaCl solution (sweep rate 5OmV/min, with 10min immersion 
before polarisation) 
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Figure 4.3 
Potentiodynamic polisation curves for various sulphide coatings 
(20oC 60sec) on 2014A -T6 Al alloy in 3.5% quiescent NaCl solution 
(sweep rate 50mV/min, with 10min immersion before polarisation) 
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Potentiodynamic polisation curves for various sulphide 
coatings (40oC 30sec) on 2014A -T6 Al alloy in 3.5% quiescent 
NaCl solution (sweep rate 50mV/min, with 10min immersion 
before polarisation) 
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Figure 4.5 
Potentiodynamic pollsation curves for various sulphide coatings (40oC 60sec) 
on 2014A -T6 Al alloy in 3.5% quiescent NaCl solution (sweep rate 5OmV/min, 
with 10min immersion before polarisation) 
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-200 
Potentiodynamic polisation curves for various organic based coatings (20oC 
30sec) on 2014A -T6 Al alloy in 3.5% quiescent NaCI solution (sweep rate 
5OmV/min, with 10min immersion before polarisation) 
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Figure 4.7 
Potentiodynamic polisation curves for various organic based coatings (20oC 
60sec) on 2014A -T6 Al alloy in 3.5% quiescent NaCl solution (sweep rate 
5OmV/min, with 10min immersion before polarisation) 
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Potentiodynamic polisation curves for various organic based 
coatings (20oC 120sec) on 2014A -T6 Al alloy in 3.5% quiescent 
NaCl solution (sweep rate 5OmV/min, with 10min immersion before 
polarisation) 
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Figure 4.9 
Potentiodynamic polisation curves for various organic based coatings (40oC 
30sec) on 2014A -T6 Al alloy in 3.5% quiescent NaCl solution (sweep rate 5OmV/min, 
with 10min immersion before polarisation) 
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Potentiodynamic polisation curves for various organic based 
coatings (40oC 60sec) on 2014A -T6 Al alloy in 3.5% quiescent 
NaCl solution (sweep rate 5OmV/min, with 10min immersion 
before polarisation) 
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Figure 4.11 
Potentiodynamic polisation curves for various organic based coatings (40oC 120sec) 
on 2014A -T6 Al alloy in 3.5/. quiescent NaCl solution (sweep rate 5OmV/min, with 
10min immersion before polarisation) 
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Potentiodynamic polisation curves for various organic based coatings 
(60oC 30sec) on 2014A -T6 Al alloy in 3.5% quiescent NaCl solution (sweep 
rate 5OmV/min, with 10min immersion before polarisation) 
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Figure 4.13 
Potentiodynamic polisation curves for various organic based coatings 
(60oC 60sec) on 2014A -T6 Al alloy in 3.5% quiescent NaCl solution (sweep 
rate 50mV/min, with 10min Immersion before polarisation) 
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Potentiodynamic polisation curves for various vanadate based coatings (40oC 
120sec) on 2014A -T8 Al alloy in 3.5% quiescent NaCI solution (sweep rate 
5OmV/min, with 10min immersion before polarisation) 
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Minco/nitric acid 
Chromate (Alochrom 
1200) 
Na3VO4 only 
Na3VO4 and 
benzotnazole 
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Na3VO4 and sebacic 
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Na3VO4 and azelaic 
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Figure 4.21 
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Potentiodynamic polisation curves for various vanadate based coatings (60oC 
60sec) on 2014A -T8 Al alloy in 3.5% quiescent NaCl solution (sweep rate 
50mVlmin, with 10min immersion before polarisation 
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Figure 4.23 
Potentiodynamic polisation curves for various vanadate based coatings (60oC 
120sec) on 2014A -T6 Al alloy In 3.5% quiescent NaCl solution (sweep rate 
5OmV/min, with 10min immersion before polarisation 
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A graph slowing samples of of uncoupled cominsrclally pure 
aluminium and coated from various solutions and subj. ctd to O. C. 
ElectrochankSI analyst in 3.5% NaCl at 25oC 
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A graph showing samples of bimetallically coupled comercially pure 
aluminium coated from various solutions and subjected to D. C. 
electrochemical analysis in 3.5% NaCl at 25oC 
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Figure 4.27 
A graph showing samples of bimetallically coupled CuA12 coated 
from various solutions and subjected to D. C. Electrochemical 
analysis in 3.5% NaCl at 25oC 
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Auger Electron Spectroscopy Depth Profile Of A cleaned uncoated sample 
of 2014A -T6 Al Alloy Sample, 
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Auger Electron Spectroscopy Depth Profile Of A 2014A -T6 Al Alloy Sample, Coated In 
A Solution Of 10g/I Sodium Orthovanadate & 2.25g/I Sebacic Acid At 60°C For 60 
Seconds. 
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Figure 4.31 
Auger Electron Spectroscopy Depth Profile Of A 2014A -T6 Al Alloy Sample, Coated 
In A Solution Of 10y/I Sodium Orthovanadate & 2.1 g1l Azelaic Acid At 60°C For 60 
Seconds. 
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XRD Data 
d spacing 
Angle Counts Kal Ka2 Compound 
20.750 1608 4.2772 A1203 
21.456 137 4.1380 CuAI 
29.452 322 3.0303 CuA12 
37.952 943 2.3688 CuAI 
42.104 623 2.1443 CuAI 
42.240 403 2.1378 A1203 
42.648 517 2.1182 A1,03 
47.404 543 1.9162 CuAI 
47.484 512 1.8996 CuAI 
66.284 188 1.4089 CuA12 
67.120 175 1.3934 CuAI 
69.248 154 1.3557 CuAI 
73.504 170 1.2873 CuAI 
77.304 248 1.2328 CuAI 
85.902 137 1.1305 CuA12 
89.202 149 1.0970 CuAI 
95.600 139 1.0398 CuA12 
144.410 146 0.8090 A1203 
Table 4.35 Sample I of laboratory produced CuAI2 
d Spacing 
Angle Counts Kal Ka2 Compound 
29.400 268 3.0355 CuAI 
37.952 711 2.3688 A1,0 
38.508 176 2.3359 A1,0, 
42.104 323 2.1443 CuAI 
42.200 335 2.1397 AI, O3 
42.602 395 2.1204 A1203 
47.350 4941 1.9183 CuA12 
47.450 2980 1.9145 A1203 
57.104 222 1.6116 CuA12 
61.400 106 1.5087 a-A103 
61.548 107 1.5055 CuO 
66.206 113 1.4094 a-Al O 
67.050 106 1.3947 CuAI 
69.180 116 1.3568 CuAI 
73.640 112 1.2853 a-A1O 
77.350 212 1.2326 CuA12 
78.350 119 1.2194 CuAI 
80.650 127 1.1903 CuAI2 
91.800 116 1.0726 CuAI 
95.500 110 1.0406 CuAI 
99.260 107 1.0110 CuAI 
111.840 334 09.300 CuO 
116.760 106 0.9046 CuO 
Table 4.36 Sample2 of laboratory produced CuAl2 
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dw 
Angle Counts Kai Ka2 Compound 
20050 IIhI 4.2977 (u_4I AI 
29.400 258 3 0355 (uAl 
37.900 537 2 3720 CuAI 
38.500 137 2 3364 Al 
42.100 186 2 1445 CuA 1 
42.600 516 2 1205 A1101 
44.750 108 210235 Al 
47.300 410 1.9202 CuAI AI 
57.100 132 1 61 17 ('uAl 
61.450 235 1 5076 ('uA) 
61.600 183 1.5043 CuO 
65.150 105 1 4307 Al 
66.300 117 14086 CuAI AI 
67.250 142 1.3945 CuAi 
69.200 159 1 3565 ('uAl 
73.500 181 1.2874 ('uAI 
73.700 146 1.2876 CuAl 
77.250 125 1 2340 CuAI 
77.400 117 1 2320 CuAI 
89.100 111 10980 A1101 
92.200 288 10690 CuAI 
111.680 101 09309 CuO 
111.860 127 09299 CuO 
112.260 116 0.9300 CuO 
114.160 135 0.9176 AI 
114.600 120 0.9176 A 1101 
Table 4.37 Sutpk 3 of bb nlory ptomi ULM, 
d modal 
Angle Counts Kal kcL2 Compound 
27.450 259 3 0305 CuAi 
37.950 784 23690 CuAI 
42.100 259 2 1445 AIC u 
42.650 446 21 181 CuAI 
47.350 296 19183 CuAI 
47.900 502 1 8975 CuAI 
61.450 100 1 5076 CuAI 
66.450 95 14058 A--A_ ) 
67.100 116 13938 CuAI 
69.200 114 1 3563 CuA1 
69.400 100 13531 u-AI C) 
77.300 246 12333 0-M U 
81.050 104 1 1831 CuAI 
Tom[ 435 Stl11it 4 Of hOpfolmy pm6mm CAI, 
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d spacing 
Angle Counts Kal Ka2 Compound 
20.750 772 4.2772 CuAI, 
29.450 159 3.0305 CuAI 
37.950 1138 2.3690 AI O /CuAI 
42.150 526 2.1421 CuAl2 
42.250 329 2.1426 CuAI 
42.650 744 2.1181 CuAI 
47.500 339 1.9173 CuAI 
47.850 775 1.8994 CuAI 
Table A5 Sample 5 of laboratory produced CuA12 
d spacing 
Angle Counts Kai Ka2 Compound 
20.768 747 4.2735 CuAI2 
29.450 283 3.0305 CuAI 
37.950 638 2.3690 CuAI 
42.700 415 2.1158 CuAI 
47.400 401 1.9164 CuAl2 
48.000 491 1.8938 CuAI 
57.200 287 1.6091 A1203 
57.350 223 1.6053 a-A1O 
66.350 109 1.4077 6-A1203 
66.550 97 1.4039 1203 
67.250 105 1.3910 6-A1203 
Table 4.4U Sample 6 of laboratory produced CuAI2 
d spacing 
Angle Counts Kal Ka2 Compound 
20.750 763 4.2772 CuAI2 
29.450 190 3.0305 CuAI 
37.950 687 2.3690 CuAI 
42.600 490 2.1205 CuAI 
47.350 371 1.9183 CuAI 
47.850 495 1.8994 CuAI 
57.200 179 1.6091 CuAI 
66.350 90 1.4077 6-A1203 
67.250 116 1.3910 8-A1203 
Table 4.41 Sample 7 of laboratory produced CuAl2 
d spacing 
Angle Counts Kal Ka2 Compound 
20.750 763 4.2772 CuAI, 
29.450 190 3.0305 CuA12 
37.950 687 2.3690 CuAI 
42.600 490 2.1205 CuAI 
47.350 371 1.9183 CuAI 
47.850 495 1.8994 CuAI 
48.000 344 1.8938 CuAI2 
57.200 179 1.6091 A1203 
66.350 90 1.4077 6-A1203 
67.250 116 1.3910 6-A1203 
Table 4.42 Sample 8 of laboratory produced CuAI2 
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Neutral salt fog Bar charts 
A bar chart showing corrosion of 2014A-T6 alloy treated with various conversion 
coatings and exposed to 5% salt fog according to ASTM B117 
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Figure 4.33 
A bar chart showing corrosion of 2014A-T6 Al alloy treated with various 
conversion coatings and exposed to 5% salt fog according to ASTM B117 
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A bar chart showing corrosion of 2014A-T6 Al alloy treated with various 
conversion coatingsand exposed to 5% salt fog according to ASTM B117 
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Micrographs 
Micrograph I Low power magnification (x1000) of the surface of 2014A-T6 Al alloy etched using 
0.5% HF 
Micrograph 2 High power magnification (x2000) of the surface of 2014A-T6 Al alloy showing 
spherical shaped precipitates 
203 
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Micrograph 3 High power magnification (x2000) of the surface of 2014A-T6 Al alloy showing 
angular shaped precipitates 
Micrograph 4 Low power magnification (x1000) of the surface of 2014A-T6 Al alloy cleaned in 
Minco 
204 
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Micrograph 5 High power magnification (x2000) of the surface of 2014A-T6 Al alloy cleaned in 
Minco 
Area removed by pre- 
treatment 
Micrograph 6 High power magnification (x2000) of the surface of 2014A-T6 Al alloy cleaned in 
Minco/HNO3 
APPENDIX 
Micrograph 7 Low power magnification (x1000) of the surface of 2014A-T6 Al alloy having been 
exposed to 5% neutral salt fog for 7 days 
Micrograph 8 High power magnification (x2000) of the surface of 2014A-T6 Al alloy having been exposed to 5% neutral salt fog for 7 days 
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Micrograph 9 Low power magnification (x1000) of the surface of 2014A-T6 Al alloy having been 
exposed to 5% neutral salt fog for 14 days 
Micrograph 10 High power magnification (x2000) of the surface of 2014A-T6 Al alloy having 
been exposed to 5% neutral salt fog for 14 days 
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Micrograph 11 High power magnification (x2500) of the surface of 2014A-T6 Al alloy having been treated in a solution containing lOg/l sodium orthovanadate 
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Micrograph 12 High power magnification (x2500) of the surface of 2014A-T6 Al alloy having been treated in a solution containing lOg/l sodium orthovanadate 
208 
%/ý 
Micrograph 13 Low power magnification (x1000) of the surface of 2014A-T6 Al alloy having been treated in a solution containing lOg/l sodium orthovanadate/2.25g/l sebacic acid at 60°C for 60 seconds 
Micrograph 14 Low power magnification (x1500) of the surface of 2014A-T6 Al alloy having been treated in a solution containing 10g/1 sodium orthovanadate/2.25g/J sebacic acid at 60°C for 60 seconds 
209 
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Micrograph 15 High power magnification (x2500) of the surface of 2014A-T6 Al alloy having been treated in a solution containing l0g/1 sodium orthovanadate/2.25g/l sebacic acid at 60°C for 60 seconds 
Micrograph 16 Low power magnification (x1000) of the surface of 2014A-T6 Al alloy having been treated in a solution containing lOg/l sodium orthovanadate/2.21g/l azelaic acid at 60°C for 60 seconds 
210 
APPENDIX 
a ''t 
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Sodium azelate 
blocking pores 
Micrograph 17 High power magnification (x2500) of the surface of 2014A-T6 Al alloy having been treated in a solution containing 10g/I sodium orthovanadate/2.25g/l azelaic acid at 60°C for 60 seconds 
Micrograph 18 Low power magnification (x1000) of the surface of sample I of laboratory produced CuAI2 
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Micrograph 19 Low power magnification (x1000) of the surface of sample 2 of laboratory 
produced CuAI2 
Micrograph 20 High power magnification (x2000) of the surface of sample 2 of laboratory 
produced CuAl2 
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Micrograph 21 Low power magnification (x1000) of the surface of sample 3 of laboratory 
produced CuAI2 
Micrograph 22 High power magnification (x2000) of the surface of sample 3 of laboratory produced CuAI2 
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Micrograph 23 Low power magnification (x1000) of the surface of sample 4 of laboratory 
produced CuAI2 
Micrograph 24 High power magnification (x2500) of the surface of sample 4 of laboratory produced CuA12 
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Micrograph 25 Low power magnification (x1000) of the surface of sample 5 of laboratory 
produced CuA12 
Micrograph 26 High power magnification (x1000) of the surface of sample 6 of laboratory 
produced CuAI2 
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Micrograph 27 Low power magnification (x1000) of the surface of sample 7 of laboratory 
produced CuAI2 
Micrograph 28 High power magnification (x2500) of the surface of sample 7 of laboratory 
produced CuAI2 
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Micrograph 29 Low power magnification (x1000) of the surface of sample 8 of laboratory 
produced CuAJ2 
Micrograph 30 High power magnification (x2000) of the surface of sample 8 of laboratory 
produced CuA12 
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System Conditions Ew, r I. Ro Salt fog Parity Film 
mV's mA/cm' 
Qcm' Time to >95% wcphime index thickness 
SCE. 
to first pitting (nm) 
Uncoated alloy Minco/HNO, -690 3.35x 10" 10.7 336/48 4 20 
Chromated Alochrom 1200 -730 1.50x10" 68 600/512 1 20 
Sodium sulphide 20°C, 30 Seconds -643 1.12x10" 15.9 168/24 5 
20°C, 60 Seconds -661 9.33x 10° 9.3 168/24 5 
40°C, 30 Seconds -626 1.58x10"2 7.7 168/24 5 
40°C, 60 Seconds -628 2.42x 10"' 12.5 168/24 5 
Sodium thiosulphate 20°C, 30 Seconds -678 5.88x10" 7.3 168/24 5 
20°C, 60 Seconds -669 2.30x l0"'- 4.9 168/24 5 
40°C, 30 Seconds -682 1.36x 10-2 8.1 168/24 5 
40°C, 60 Seconds -676 4.5x10" 11.5 168/24 5 
Ammonium sulphide 20°C, 30 Seconds -658 5.65x 10" 7.1 168/24 5 
20°C, 60 Seconds -670 1.79x 10"2 4.2 168/24 5 
40°C, 30 Seconds -681 2.54x 10"3 10.2 168/24 5 
40°C, 60 Seconds -662 6.09x10' 9.2 168/24 5 
Thiourea 20°C, 30 Seconds -674 1.19x10" 9.2 168/72 5 
20°C, 60 Seconds -697 9.77 x 10"3 6.5 168/72 5 
40°C, 30 Seconds -678 4.29x10" 8.9 168/96 5 
40°C, 60 Seconds -685 1.64x] 0-3 9.8 168/96 5 
Benzotriazole 20°C, 30 Seconds -606 2.60x10" 8.9 168/48 4 
20°C, 60 Seconds -615 7.00x 10"'- 8.8 168/48 4 
40°C, 30 Seconds -618 2.00x 10"' 13.6 168/72 4 
40°C, 60 Seconds -623 2.90x10"t 10.6 168/72 4 
Acid benzotriazole 20°C, 30 Seconds -557 7.80x 10" 32.4 120/24 5 
20°C, 60 Seconds -544 1. lox l 0"t 32.9 96/24 5 
40°C, 30 Seconds -564 4.4x 10" 31.4 168/48 5 
40°C, 60 Seconds -535 2.11x10" 33.6 168/48 5 
Sodium sebacate 20°C, 30 Seconds -664 7.70x10"' 13.9 168/72 4 
20°C, 60 Seconds -683 1.80x 10"' 12.9 168/72 4 
20°C, 120 Seconds -668 5.00x 10"' 11.6 168/72 4 
40°C, 30 Seconds -669 9.40x 10" 13.2 168/48 4 
40°C, 60 Seconds -681 4.80x 10" 10.9 168/48 4 
40°C, 120 Seconds -686 5.16x 10"' 15.9 168/48 4 
60°C, 30 Seconds -679 1.70x 10"3 12.0 168/72 4 
60°C, 60 Seconds -668 5.90x10"' 11.2 168/72 4 
60°C, 120 Seconds -668 4.50x 10"` 11.4 168/72 4 
sodium azelate 20°C, 30 Seconds -692 5.20x 10" 11 168/24 4 
20°C, 60 Seconds -691 6.80x 10" 10.6 168/24 4 
20°C, 120 Seconds -698 4.60x 10"3 11.6 168/24 4 
40°C, 30 Seconds -685 6.90x 10" 7.4 168/48 4 
40°C, 60 Seconds -686 3.40x 10" 12.5 168/48 4 
40°C, 120 Seconds -698 7.00x 10"' 11 168/48 4 
60°C, 30 Seconds -698 4.93xl0" 9.3 168/48 4 
60°C, 60 Seconds -697 2.36x10"3 9.2 168/48 4 
60°C, 120 Seconds -700 2.14x 10" 11.7 168/48 4 
Figure 4.37a Summary table in order to compare various from different type of coating treatment on 
2014A-T6 Al Alloy 
Parity Index guide 
I Very good corrosion resistant coating. 
2 Good corrosion resistant coating. 
3 Average corrosion resistant coating. 
4 Poor corrosion resistant coating. 
5 Very poor corrosion resistant coating. 
System Conditions E, °,. 4°l. Ro Salt fog Parity Film 
'W's scr, tnA/cnt2 
lcm, Time to >95% index thickness 
wcp/time to (nm) first pitting 
Uncoated alloy Minco/l1NO, -690 3.35x 10" 10.7 336/48 4 10 
Chromated Alochrom 1200 -730 1.50x10' 68 600/512 1 20 
sodium orthovanadate 60°C, 60 Seconds -660 3.27x10 38.7 480/24 2/3 312 
sodium orthovanadate 20°C, 30 Seconds -668 9.70x10 21.0 312/24 3 
and benzotriazole 
20°C, 60 Seconds -633 8.13x10" 71.4 288/24 3 
20°C, 120 Seconds -611 1.40x 104 68.3 288/24 3 
40°C, 30 Seconds -677 1.17x10-' 36.0 288/24 3 
40°C, 60 Seconds -665 I. 2x 10-2 29.1 288/24 3 
40°C, 120 Seconds -665 3.44x104 35.5 288/24 3 
60°C, 30 Seconds -654 1.54x10"' 44.2 288/24 3 
60°C, 60 Seconds -624 7.4x 10-' 89.8 264/24 2/3 
60°C, 120 Seconds -608 3.13x10' 92.2 288/24 2/3 
sodium orthovanadate 20°C, 30 Seconds -574 6.67x10' 48.7 216/24 3 
and acid benzotriazole 
20°C, 60 Seconds -615 6.47x I0"3 46.3 216/24 3 
20°C, 120 Seconds -624 I. 40x 10"2 24.8 216/24 3 
40°C, 30 Seconds -630 3.28x l0'' 26.4 216/24 3 
40°C, 60 Seconds -640 I. 20x l0"2 28.9 216/24 3 
40°C, 120 Seconds -612 1.43x10'2 23.7 216/24 3 
60°C, 30 Seconds -594 1.50x 10'2 19.3 192/24 3 
60°C, 60 Seconds -632 1.10x104 16.2 192/24 3 
60°C, 120 Seconds -6(19 5.80x 10"' 22.9 192/24 3 
sodium orthovanadate 20°C, 30 Seconds -687 LOX 10" 13.7 168/24 3 
and sebacic acid 
20°C, 60 Seconds -703 5.17x 104 42.1 168/24 3 
20°C, 120 Seconds -706 4.00x 10" 18.5 168/24 3 
40°C, 30 Seconds -689 8.21 x 10-' 11.0 264/24 3 
40°C, 60 Seconds -672 3.69x10'' 35.8 264/24 3 
40°C, 120 Seconds -708 4.90x 10' 26.6 264/24 3 
60°C, 30 Seconds -702 2.87x 104 24.4 292/48 3 
60°C, 60 Seconds -689 2.98x10'2 17.8 384/96 2 70 
60°C, 120 Seconds -744 2.71 x 104 43.8 384/96 2 
sodium orthovanadate 20'C, 30 Seconds -644 1.60x10' 69.2 336/24 3 
and azelaic acid 
20°C, 60 Seconds -622 2.74x10"3 109.9 336/24 3 
20°C, 120 Seconds -635 2.14x 10'' 203.8 336/24 3 
40°C, 30 Seconds -631 5.3x 104 78.8 288/96 3 
40°C, 60 Seconds -605 8.57x10-' 64.8 288/96 3 40°C, 120 Seconds -638 4.10x10-3 411.0 288/96 3 
60°C, 30 Seconds -559 2.50xl0' 598.0 288/96 2 60°C, 60 Seconds -625 2.70x 10' 156.6 288/96 2 65 60°C, 120 Seconds -640 2.25x 104 116.4 288/96 2 
Figure 4.37b Summary table in order to compare various from different type of coating treatment on 
2014A-T6 Al Alloy 
Parity Index guide 
I Very good corrosion resistant coating. 
2 Good corrosion resistant coating. 
3 Average corrosion resistant coating. 
4 Poor corrosion resistant coating. 
5 Very poor corrosion resistant coating. 
